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This dissertation focused on some selected factors that influence the interfacial 
interactions at the interphase between wood based materials and thermoplastic surfaces.  Several 
treatments were applied to enhance interfacial properties.  In general, interfacial properties were 
altered by physical and chemical surface modification.  Study of the interfacial interactions 
between wood fiber surfaces as a reinforced material and thermoplastics as a matrix material is 
important to understand fundamentals of wood fiber-plastic composites (WPC).  This study 
represents fundamental research to define treatment effects on surfaces of wood pulp fibers and 
polypropylene (PP) film. 
Two thermosets, ion implantations, and maleic anhydride (MA) grafting were used to 
increase interfacial adhesion between wood based materials and PP.  Thermoset resins were 
applied at three levels to fiber handsheets and PP film laminates. The surface treatment increased 
shear and tensile strength properties and PP crystallinity ( CX ) as determined by differential 
scanning calorimetry (DSC).  The ion implantation method using oxygen and argon as ion 
sources proved to be one of the most effective treatments to improve interfacial bonding between 
thermomechanical pulp (TMP) fibers and PP film.  Oxygen plasma treatment was more effective 
than argon to increase tensile strength due to the electron donor and accepter mechanism 
generated by magnetic fields between two electrodes.  The MA grafting effect also improved the 
tensile strength of TMP fiber handsheets and PP film laminates fabricated with a 50/50 weight 
fraction.  A brittle failure was observed by scanning electron microscopy (SEM) at the fracture 
surface of tensile specimens made from TMP fiber handsheets and PP film laminates (TPL).  It 
was found by using extraction with CH2Cl2 and H2O as solvents that the PP nucleation ability on 
fiber surfaces was extremely reduced due to the removal of deposit materials from the surface.  
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Thus, the extractives on the wood/non-wood fiber surface played a potential role for surface 
induced nuclei and lamella deposits for the PP melts.   
In conclusion, the surface treatments of ion implantations, thermoset treatment, and MA 
modification enhanced interfacial strength of TPL.  Electron interaction and mechanical 
interlocking in the wood fiber handsheet improved interfacial interactions between the wood-






 1.1. Introduction 
 
Natural fiber-reinforced composites have attracted increased interest because of the 
advantages of the bio-based fibers, such as low density, relatively high toughness, high strength 
and stiffness, good thermal properties and biodegradability (Rezai and Warner 1997, Wu et al. 
2000, Joseph et al. 2003).  Lignocellulosic materials are widely utilized in wood fiber and 
thermoplastic composites (WPC) because of their low density, relatively high strength and 
stiffness, and machinability (Maldas and Kokta 1991b, Rievld and Simon 1992, Kolosik et al. 
1992, Stark 1999, Wolcott et al. 2000, Xue and Tao1 2005).  Wood fibers as a reinforcing 
component for thermoplastics open up further possibilities for use of lignocellulosic fiber 
resources.  However, the main disadvantage of natural fibers in thermoplastics is the poor 
compatibility between hydrophilic fiber surfaces and hydrophobic thermoplastics.  Therefore, 
chemical and mechanical modifications are used to increase the interfacial adhesion 
characteristics at the wood fiber and thermoplastic interface.  A study of the properties of 
composites made with the natural fibers of sisal, coir, and jute with unsaturated polyester resin 
demonstrated that compatible structural properties were obtained and that, using a modified rule 
of mixtures, the properties of the fiber reinforced composites could be predicted (Lin 1986, 
Bryant et al. 2003).  
Composite materials consist of two or more components and phases. The interface is a 
key component, which, among other roles, provides a means of stress transfer from fiber to fiber 
through the matrix and serves to protect the fibers from environmental degradation. Although the 
concept of a perfect interface took root in conventional mechanics, which has treated the 
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interface as an infinitely thin layer with no physical properties of its own, it is generally agreed 
today that the interfacial region of a composite extends a considerable distance from the fiber 
surface into the matrix, and has a complex chemical structure and a broad range of physical 
properties (Caldwell 1993).  It is appropriate to call this region “interphase.”  Depending on the 
subjects discussed, the terms “interface” and “interphase” or “interfacial region” may be used 
interchangeably.  
Research on the strength properties of WPC have been directed toward overcoming the 
structural weakness and dimensional stability of the material in an outdoor exposure 
environment.  However, there are still problems to overcome.  The problems have stimulated 
research on the improving interfacial bonding between the hydrophilic and hydrophobic 
materials through chemical and mechanical modifications.  They continue to address many WPC 
problems such as structural deformation caused by thermal expansion (softening), decay, and 
marine borer attack (FPL 1999, Pendleton et al. 2002, Wolcott 2003, Verhey and Laks 2002).  
Selected categories of the thermoplastics are often based on plastic properties, product 
requirement, copolymer application, cost, availability, and machinery (Clemons 2002).  Sources 
of wood fillers from hardwood and pines such as short fibers (aspect ratio less than 10) have 
been studied in combinations of thermoplastics such as polypropylene (PP), low- and high-
density polyethylene (LDPE and HDPE), polyvinyl chloride (PVC), and polystyrene (PS).   
Considerable effort has been placed to study chemical and physical modifications to 
improve the interfacial adhesion between the wood fibers and the polymer matrix (Karlsson et al. 
1996, Espert and Karlsson 2004).  The interfacial segregation (separation of fibers from polymer 
matrix) at the wood fiber surface and PP interface resulted in lower adhesion strength (Beshay 
and Hoa 1990, Alexy et al. 2000, Amash and Zugenmaier 2000).  Therefore, interfacial failure 
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occurred as the PP matrix began to pull away from the fiber surface producing voids and cracks 
(Angles et al. 1999, Bledzki et al. 2005).  The material grafting system led to alter thermoplastic 
properties and surface chemistry of the wood material (Demir et al. 2005).  Coupling agents such 
as maleic anhydride (Maldas and Kokta 1990b, Raj et al. 1990, Mohanakrishnan et al. 1993, 
Collier et al. 1996, Hristov et al. 2004, Mahlberg et al. 2001) and silane (Beshay 1989, Kokta et 
al. 1990) have been used for chemical modification of both wood fiber and the thermoplastics.  
With regards to mechanical properties of WPC, the modifications of both natural fiber and 
thermoplastic interface are important.   
1.2. Chronological Development of Wood-based Composites 
Leo Bakeland developed “Bakelite” in 1909 which was used for decades to make 
telephones.  He also developed phenolic resin impregnated Kraft paper laminates before the day 
transistors.  When decorative overlay impregnated with melamine and a clear melamine 
impregnated sulfite paper were added to the top layer of the phenolic base sheets, the products 
were called “Formica” or high-pressure laminates.  Terms of “impreg” and “compreg” were used 
by the US Forest Products Laboratory to describe phenolic resin impregnated wood and 
compressed phenolic resin impregnated wood to achieve both hardness and dimensional stability 
(Bryant 1966).  The effectiveness of the methods depended on the microscopic structure and 
surface chemistry of wood as well as molecular weight of the synthetic polymer.  During World 
War II, Germany made airplane propellers by laminating thin birch veneer with heavily 
impregnated paper with low-molecular weight phenolic resin to make a variation of compreg that 
was dimensionally stable.  In 1946, dimethylol urea (DMU) was used to impregnate wood and 
was reported to improve hardness and moisture resistance.  Polyolefins were first introduced to 
treat wood in 1959.  Polyethylene glycols (PEG) served as an exceptional dimensional stabilizer 
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via cell wall diffusion.  PEG permanently swelled the cell walls and the wood could not shrink.  
Unlikely phenolic resin impregnations, PEG treated wood is not brittle but acts like green wood.  
During the 1960s, olefinically unsaturated monomers were broadly accepted.  The other 
monomeric materials were also applied to modify wood fiber surfaces and thermoplastics as 
cross-linking agents in late 1960s (Lu et al. 2000).  In 1972, maleic anhydride (MA) was 
introduced as a coupling agent to wood materials combined with polyethylene (PE) or PVC.  
However, the monomers were not applied for wood fiber and thermoplastic modification until a 
continuous extrusion system was introduced in the WPC industry in 1983 (Clemons 2002).   
Bryant (1966) summarized some of the problems related to resin impregnation of solid 
wood that must take into account wood microscopic structure, species, density, amorphous 
region of the cell wall, grain orientation, and the molecular weight and chemistry of the polymer 
or monomer stabilizers.  The macroscopic nature of wood can inhibit cell wall impregnation of 
diffuse porous species.  Solid contents and molecular size of resins were also important to 
increase the liquid diffusion to create intimate contact at the material interface. High density 
wood species, in general, had less dimensionally stable and were difficult to impregnate liquid 
through side-grain penetration.  Low molecular weight polymers or monomers were needed to 
impregnate into wood cell wall because most impregnation targeted the amorphous region in the 
S2 layer to fill voided spaces. Therefore, understanding surface chemistry changes during the 
chemical and physical treatment is important to overcome strength weakness and dimensional 
changes.  
1.3. Wood Fibers in Wood Fiber and Thermoplastic Composites  
Wood can be considered as a polymeric composite made up of three different polymers 
such as cellulose, hemicellulose and lignin.  These polymers are responsible for most of the 
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physical and chemical properties exhibited by wood and wood products.  One of the major 
disadvantages of products made from wood or wood fibers is wettability in wet environments 
and humid atmospheres.  Free water moves into a fiber-based composite through the capillaries 
between the fibers that are wetted due to their hydrophilic surface area.  This action is known as 
absorption. On the other hand, moisture can move in the vapor form into the cell wall, thus 
swelling the individual fibers by means of adsorption. Therefore, wood fiber surface 
modification is important to produce WPC.  The microfibril appearance of the wood fiber 
surfaces, including end breaks or damaged points, and the chemical composition of wood fibers  
 
Table 1.1. The main chemical compositions of softwood and hardwood in percent of dry wood 
weight; average values of common pulpwood species. (Sjöström and Alen 1999). 
  Softwood  Hardwood 








Cellulose  37-43 29-31  39-45 50-65 
Galactoglucomannans  15-20 9-12  --- --- 
Glucuronoxylan  --- ---  15-30 16-23 
Glucomannan  --- ---  2-5 2-4 
Arabinoglucuronoxylan  5-10 6-8  --- --- 
Galactan  --- 9-11  --- 0-10 
Laricinan (1,3-glucan)  --- 3-5  --- --- 
Lignin  25-33 37-40  20-25 16-20 
Extractives  2-5 2-5  2-4 2-4 
 
of different parts of the tree varies with different species and pulping processes.  Table 1.1 
compares the chemical composition of softwoods and hardwoods of common pulpwood species.  
The major distinctions are different combinations and amounts of hemicellulose, lignin, and 
extractives. These differences between individual wood species are shown in Table 1.2.  
Increasing the amount of caustic in the pretreatment of refined pulp fibers increases the 
strength of the pulp sheets.  Boras and Gatenholm (1999) studied the chemical composition 








Table 1.2.  Fiber characteristics and chemical composition of various softwood species. (Sundholm 1999)* 
 










































(mm) 3.5 3.3 3.5 3.5 3.1 3.6 3.6 4.2 4.0 2.6-3.9 
Fiber width 








0.45 0.42 0.37 0.46 0.43 0.42 0.54 0.66 0.43 0.33-0.68 
Lignin 




2.2 2.0 2.5 4.0-4.2 3.5 4.4-5.0 3.2-5.4 3.4-6.0 5.4 4.2 
* (Values are averages, except where the ranges are shown.)
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pulp after refining.  On the basis of the oxygen/carbon (O/C) ratio obtained from electron 
spectroscopy for chemical analysis (ESCA), he suggested that the pulp surface had a 
composition of approximately 40% carbohydrates, 28% lignin and 32% extractives.  Extractives 
were in the form of globular particles spread over both carbohydrates and lignin components of 
the fiber surfaces.  The extractives were gradually removed by the sequence of treatments. 
Washing and extraction treatments resulted in the removal of non-carbohydrates from the fiber 
surfaces with the result that with their removal, the hydrophobicity of the surface decreased.  
Extractives in wood fibers strongly affect surface hydrophobicity and their removal makes it 
more difficult for non-polar polymers to bond to them. 
1.4. Chemical Modification of Wood Fibers and Polyolefin 
Recently, a considerable amount of research was conducted using coupling agents to 
build a crosslinking system between wood fibers and thermoplastic polymers.  Even though 
many studies have shown the effectiveness of the fiber treatment, poor interfacial adhesion 
between the hydrophobic polymer and hydrophilic fiber remains a problem.  The problems of 
compatibility of wood fibers can be overcome by grafting short polymer segments onto the fiber 
surface using coupling agents and adhesion promoting agents. Thermoplastic composite 
materials have both advantages and disadvantages (Table 1.3).  Attempts have been made to 
overcome the disadvantages by using dispersing agents, elevating the mixing temperature, and 
extending the mixing period in the mixer (Gateholm 1996 and Maldas 1989).  A number of 
copolymers and chemicals have been used as wood coupling or dispersing agents in combination 
with PE (Lu et al. 2000).  He pointed out that the most common coupling agents or copolymers 
were maleic anhydride (MA), maleic anhydride modified polypropylene (MAPP), polyethylene-
poly- (phenyl isocyanate), and silane A172 [vinyl-tris (2-methoxyethoxy) silane].   
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Table 1.3. Advantages and disadvantages of  wood fiber compared to inorganic fillers. (Maldas 
and Kokta 1993, Chen and Meister 1995, Bledzki 1998). 
 
Advantages of the wood fiber Disadvantages of the wood fiber 
• High specific strength and modulus, renewable 
nature, lower cost, and suffers little damage. 
• Possesses strength and modulus properties on 
an equal density basis. 
• Equals or exceeds the stiffness of most 
traditional construction materials on 
stiffness/weight efficiencies. 
• Less machine wear during mixing and 
fabrication (a nonabrasive material). 
• Easy to process with all of the processing 
methods for mass production. 
• Poor interfacial adhesion between the 
hydrophobic polymer and hydrophilic 
fiber. 
• Poor dispersion of wood materials in 
the polymer matrix. 
• Breakage or damage of fiber during 
the mixing stage. 
• Variations in the quality of raw 
material  
• Limited thermal stability during 
processing 
 
Common dispersing agents used were stearic acid, paraffin wax, PE wax, and mineral oil.  
Typical properties of the MA and MAPP are listed in Table 1.4.  Kazayawoko et al. (1997b) 
evaluated the effect of MAPP (Epolene E-43 and Epolene G-3002) treated TMP on the 
mechanical properties of WPC (weight ratio of 30% wood fiber-70% PP).  The tensile strength 
of the TMP-PP composites was increased by 40% over the untreated specimens. 
Sain and Kokta (1993 a,b) found that the modifying agent is covalently bonded explosion 
pulp (EP) fiber and PP.  The pretreated fiber or the PP with m-phenylene bismaleimide (BMI) 
 
Table 1.4. Typical properties of two maleated polypropylene and maleic anhydride. 
(Kazayawoko et al. 1997b). 
 
 Epolene E-43 Epolene G-3002 Maleic Anhydride 
Acid number (mg KOH g) 47 60 - 
Density (g cm-3) 0.934 0.959 1.48 
Viscosity (cps) 400(190°C) 15,000 (225°C) - 
Mw 9100 60,000 98.06 
Mn 3900 20,000 - 
Maleic anhydride units 1.6 10.7 - 
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significantly enhanced the adhesion between PP and EP as observed on the fracture surface using 
scanning electron microscopy (SEM).   The change in percent crystallinity of PP measured by 
differential scanning calorimetry (DSC) was found to be influenced by the presence of the 
modifier in the composite.  Thorsen et al. (1979) observed that the main reaction was caused by 
the oxidation process of cystine to sulfonic acid.  Carbon was also oxidized.  Many physical 
properties of fibers, yarns, and fabrics were related to the scission of cystine disulfide by ozone 
and the formation of sulfonic acid groups at the fiber surface.  The spectra obtained during the 
induction period suggested the occurrence of some ordered structure that was characterized by 
higher regularity and packing of the helical moieties (Kimura et al. 1998).  This ordered structure 
was clearly different from an amorphous structure and close to a crystal structure. 
When comparing the effectiveness of different coupling agents and treatments to enhance 
wood fiber-plastic compatibility, it was observed that coating by an isocyanate treatment was the 
most effective (Maldas and Kokta 1989).  They grafted chemical-thermomechanical pulp 
(CTMP) fibers with a 56.2% silane level to compare it to a 3% isocyanate treatment.  They also 
reported the influence of different pulping agents, such as poly methylene (polyphenyl 
isocyanate), silanes (A-172, A-174, A-1100), and grafting on the mechanical properties of 
composites.  Raj et al. (1989a, b) used aspen fiber, wood flour, and cellulose flour as 
reinforcement materials with LDPE.  Wood fibers were treated using isocyanate or a vinyl 
silane-coupling agent to improve the adhesion between the fiber and polymer.  Aspen fibers were 
also used as a filler material in HDPE and LDPE.  To improve the bonding between the fiber and 
polymer, different chemical treatments of the fiber such as treatment with different isocyanates 
and coating with maleic anhydride was examined (Raj et al. 1989a).  Composites with isocyanate 
treated wood fibers produced higher tensile strength compared to untreated fiber composites.  
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But when compared to diisocyanate, the polyisocyanate treated fibers produced an even higher 
gain in strength.  HDPE or LDPE filled with MA coated aspen fibers showed a slight decrease in 
strength with the increase in filler concentration. Tensile modulus generally increased with filler 
loading and was not affected by fiber treatment (Raj et al. 1990). 
Wood fibers treated with sodium sulfite were particularly effective in improving the 
amount of monomer bond and the conversion of monomer to polymer when PMMA was added 
to wood fibers (Chen and Meister 1995).  Even though chemical modification of the fiber 
surfaces by graft copolymerization has been extensively performed and reported, no systematic 
study of samples after each step of the grafting process has been reported in conjunction with the 
suggested procedures.  To explore this point of view, a systematic infrared study of wood 
samples grafted with monomers by copolymerization was made.  Khan et al. (1991) treated wood 
fibers with methylmethacrylate (MMA) and butylmethacrylate (BMA) monomers using high-
energy ionizing radiation. 
Han (1991) indicated that MAPP was localized at the interface between the wood filler 
and the PP, and it acted as a compatibilizer.  Kazayawoko et al. (1999) also investigated the 
surface chemistry before and after treatment of black spruce TMP with MAPP, and confirmed 
esterification between the hydroxyl groups of wood fiber and the anhydride groups of MAPP.  
Thermomechanical pulp, recycled newsprint, and wood flour are comparable in terms of their 
surface chemistry based on the elemental composition and O/C ratio of each type of fiber 
surface.  Mechanical pulp was found to behave differently in the xanthate grafting reaction than 
chemical pulps.  In most cases, lower conversions and higher homopolymer contents were 
observed than in comparable polymerization involving chemical pulps.  Decreasing fiber length 
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resulted in increased total formation of polymer but reduced grafting efficiency (Hornof et al. 
1977). 
1.5. Chemical Crosslinking  
Intermolecular interactions in solution and at interfaces can be reduced to two 
phenomena: London dispersion forces, and electron donor-acceptor (acid-base) interactions.   
Earlier popular notions that all “polar” groups can interact with each other were shown to be 
untenable; donor-donor and acceptor-acceptor interactions were negligibly small compared to 
donor-acceptor interactions (Fowkes 1980).  Reaction mechanisms of modified and virgin plastic 
polymers with wood fibers were examined by using electron spectroscopy for chemical analysis 
(ESCA) and Fourier transform infrared spectroscopy (FTIR).  Interfacial bonding determines the 
characteristic properties of WPC.  The main parameters influencing the formation of such bonds 
were material properties (type, amount, and distribution), surface and chemical modification, 
adequate sample preparation, and processing conditions (Bledzki 1998). 
Progressive changes in the surface chemical composition of wood fibers as a function of 
an increasing degree of sulfonation are shown in Table 1.5 with O/C ratios of wood fibers with 
different percentage of the C1 (C-H), C2 (C-O), C3 (O-C-O and C=O), and C4 (-COOH). Boras 
and Gatenholm (1999) reported as O/C ratio was increased with washing and further increased 
by extraction, the fiber surfaces became enriched with carbohydrates due to removal of the 
hydrophobic hemicellulose, extractives, lignins, and waxes. The highly sulfonated TMP fibers 
were still very different from those of Kraft or sulfite fibers with a lower O/C ratio and higher 
content of C1 carbon not bonded to oxygen.  Extraction with acetone resulted in a further 
increased O/C ratio.  It was also suggested that increased exposure of cellulose on the fiber 
surface after neutral sulfite pulping resulted in reduction of glucomannan, glucomannan 
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 Table 1.5. The oxygen/carbon (O/C) atomic ratios and the relative amounts of different carbons 
(C 1s) of  model compounds and components in softwood fibers. (Barry and Koran 
1990, Hedenberg 1995, Sjöström 1999, Boras and Gatenholm 1999).   
 
 O/C C1 C2 C3 C4 
Cellulose (theoretical) 0.83 -- 83 17  
Bleached Kraft pulp 0.80 6 75 18 1 
Arabinoglucuronoxylan (theoretical) 0.81 -- 78 19 3 
Xylan (from pulp) 0.83 5 67 24 4 
Lignin (theoretical) 0.33 49 49 2  
Kraft lignin (from pulp) 0.32 52 38 7 3 
Oleic acid  (theoretical) 0.11 94 -- -- 6 
Extractives  (from pulp) 0.12 93 5 -- 2 
C1= carbon bound to hydrogen or carbon atoms only (C-H). 
C2=carbon with one bond to oxygen (C-O). 
C3 =carbon with a double bond to oxygen or with single bonds to two oxygen atoms (O-C-O and C=O). 
C4 = carbon in carboxyl groups (-COOH). 
 
acetate, xylan, and glucuronoxylan.  It is evident that after 1.5 % sulfonation, the O/C ratios 
remain approximately constant (Barry and Koran 1990).  The O/C ratio value for different 
mechanical pulps reported in the order TMP (0.44)< CTMP (0.46) < RMP (0.47)< SGW (0.49)< 
bleached sulfite pulp (0.73) < bleached Kraft pulp (0.82).  All pulps have O/C ratios lower than 
that of pure cellulose (0.83), but are much higher than that of pure lignin (0.33).  Thus, it is 
apparent that slight differences in the surface carbon composition is due to the lower percentage 
of lignin and extractives in the wood fibers, which in turn is a direct consequence of sulfonation.   
Maleic anhydride (MA) is a popular coupling agent for making WPC. It was used to 
modify both wood and plastic polymers by graft copolymerization (Lu et al. 2000).  The reaction 
group [(CO)2O-] of MA interacts mainly with hydroxyl groups (-OH) of cellulose, hemicellulose 
and lignin to form esterification or hydrogen bonding (Figure 1.1).  Figure 1.2 shows how one 
carbon-carbon double bond (C=C) can react with thermoplastic polymers.  The structure of the 
MA greatly increases the graft reactivity of the carbon-carbon double bond on the heterocyclic 









































Figure 1.1. Hypothetical reaction mechanism of maleic anhydride on the surface of the cellulosic 
fiber. (Felix and Gatenholm 1991, Kazayawoko et al. 1999, Bledzki 1996).  
 
crosslinking system between the two materials (Morrison 1992).  Kazayawoko et al. (1997a) 
showed a proof of MAPP chemical reaction with bleached Kraft pulp fiber from an infrared 
absorption band near 1730cm-1.  They also found that both bleached Kraft pulp and TMP reacted 
chemically with MAPP because of the exposed end of the reaction groups in bleached Kraft pulp 
(45% yield) surfaces.  From the FTIR results, Kazayawoko et al. (1997a) confirmed the 
esterification reaction between anhydride groups of MAPP and hydroxyl groups of wood fibers 
and determined the effect of wood fiber types and the presence of long PP chains.  One of the 
most thoroughly examined chemical modifications of wood is the acetylation-esterification of 






























Figure 1.2. Hypothetical reaction mechanism between maleic anhydride modified polypropylene 
and thermoplastics. (Caldwell 1993, Trivedi and Culbertson 1982, Lu et al. 1998). 
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esters, mainly with hemicellulose and lignin.  Acetylation is a single-site reaction where one 
acetyl group reacts with one-OH without polymerization.  This reaction reduces hygroscopicity 
and swelling of wood (Bledzki 1998).  Table 1.6 shows how six different investigators have tried 
to enhance the properties of WPC made with wood fiber, wood pulp, and wood flour by using 
catalyzed MA in the presence of initiators. 
 
Table 1.6. Effect of interface modification with maleic anhydride on the mechanical properties of 
wood fiber and thermoplastic composites. 
  Modifier1 Matrix3            Fiber4 Properties Change5(%) Reference 
Type % 
Initiator2 
 Type % MOR MOE Toughness  
Modification of the matrix 
MA 1 TBPB PP RGP pulp 50 261.0 87.6 - Takase and Shiraishi (1989) 
MA 1 TBPB PP RGP pulp 30 113.0 13.8 - Takase and Shiraishi (1989) 
MA 5 BPO PS 525 CTMP 25 51.1 -7.7 -10.6 Maldas and Kokta (1990) 
MA 5 BPO PS 201 CTMP 25 32.1 9.6 32.8 Maldas and Kokta (1990) 
MA 5 DCP PP HW pulp 30 28.5 -27.7 - Mohanakrishnan et al. (1993) 
 
Pretreatment of the fibers with MA and polymer 
MA 10 DBP, HDPE HDPE CTMP 30 20.2 36.7 26.4 Raj et al. (1990) 
MA 10 DBP, LDPE LLDPE CTMP 30 43.6 -1.2 46.4 Raj et al. (1990) 
MA 3 DCP HDPE NF 30 69.5 16.7 4.3 Maldas and Kokta (1991) 
MA 3 BPO HDPE NF 30 -9.2 8.3 8.6 Maldas and Kokta (1991) 
MA 1 DCP PP Wood fiber 20 15.2 4.3 - Collier et al. (1996) 
MA 5 DCP PP HW pulp 30 24.8 -18.8 - Mohanakrishnan et al. (1993) 
1MA; Maleic anhydride. 
2TBPB; Tert-butyl peroxy benzonate, BPO; Benzoyl peroxide, DCP; Dicumyl peroxide, DBP; Dibuthyl phthalate. 
3PP;polypropylene, HDPE; High density polyethylene, LDPE; Low density polyethylene, PS;Polystylene. 
4RGP; Refiner ground pulp, CTMP; Chemi-thermomechanical pulp, HW; Hardwood, NF; Nutshell flour. 
5Based on the properties of untreated composites. MOR; Modulus of rupture, MOE; Modulus of elasticity.    
 
1.6. Physical Modification 
Physical modification relies on controlling surface chemistry on the wood fiber surface 
without losing weight.  The methods used to modify the fiber surfaces, included surface 
fibrillation, heat treatment and electrical discharges.  Avelia et al. (1998) found that NaOH-
extracted fibers produced by steam-explosion (SEP) presented a smooth and clean surface with 
strong defibrillation given to a high number of single shorter fibers.  Even though, better 
interfacial adhesion was observed in the samples reinforced by the SEP fibers, there was less 
improvement in mechanical properties of the composites due to the significant fiber damage 
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produced during the explosion process (Avella et al. 1998).  Heat treatment also caused surface 
chemistry changes on the wood fibers and was influenced by the type of fiber as well as by 
treatment procedure.  Cell walls of wood fibers can be broken and fractionated into their main 
components (cellulose, lignin, and hemicellulose) with the steam explosion pulping (SEP) 
process (Bledzki et al. 1998).  They showed that the hemicelluloses degraded to furan-type 
compounds which polymerize to produce water-insoluble polymers at high temperatures.    
Liu et al. (1998) reported that the total surface free energy and polar component of rayon, 
cotton, and wood fibers decreased after heat treatment at 120°C for 2h.  The changes were 
attributed to the loss of bound water and the formation of hydrogen bonds between the separate 
hydroxyl groups on the fiber surface.  For rayon and cotton fibers, the interfacial shear strength 
between the wood fiber and PS also increased with the heat treatment which changed the surface 
energy.  This was explained by the weak boundary layer at the fiber/PS interface.  Coutinho et al. 
(1997) fabricated WPC using modified wood fibers with silane coupling agents at three different 
temperatures of 170°C, 180°C, and 190°C.  Evidence showed that 180°C was the best mixing 
temperature.  Kokta and Daneault (1986) studied the effect of composite treatment by an 
immersion system in boiling water.  The grafted aspen fiber composites showed by far the best 
results compared to those of wood flour, mica, or glass-fiber filled LDPE.  They also reported 
that mechanical properties of composites did not significantly change under extreme conditions, 
with the exception of increased stress and decreased strain, when measured at -40°C.  Maximum 
improvements in mechanical properties occurred when the temperature was maintained at 175°C 
for 15 min. (Maldas and Kokta 1990b).  They also stated the preferred weight fraction of both a 
monomer and an initiator were found to be 5% and 1%.  Felix et al (1993), using PS, found that 
the oxygen content was raised due to the formation of carboxylic compounds on fiber surfaces at 
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200°C for 30 min.  The tensile strength and modulus of PS-based WPC were slightly decreased, 
while those of PP-based WPC were not significantly affected by the heat treatment of fibers.   
Heat treatment reduced the acid-base interaction potential of cellulose fibers and resulted 
in the decreased tensile strength of composites made with PS and PE.  Acid-base interactions and 
chemical linkages may be all involved in the adhesion between the plasma modified fibers and 
plastics, but their relative contributions to the interfacial adhesion may vary greatly, depending 
on the nature of gases and the treatment procedures.  Plasma induced polymerization and plasma 
state polymerization of some monomers have also been reported using a variety of surface 
modifications depending on the nature of the gases.  Felix et al. (1994) reported that surface 
acidity was accentuated by forming a plasma polymer layer on the cellulose surface using 
methacrylic acid (MMA) as the sustaining gas.  Mechanical properties of PS and PE based WPC 
were improved by strong acid-base interactions.  Young et al. (1995) reported that the adhesion 
between PP film and filter paper was enhanced when the PP was treated with O2 plasma, while 
the cyclohexane plasma treatment of the papers did not improve the interfacial adhesion.  
Plasma-state graft copolymerizations of acrylonitrile on regenerated cellulose were shown to be 
very effective in improving the interfacial adhesion to PP.   In general, Ar and O2 plasmas 
produced free radicals on lignocellulosic fiber surfaces, and higher levels of free radical intensity 
were achieved.  Therefore, the plasma treatment was positively correlated with the increase in 
strength properties of WPC fabricated with treated PP film and filter papers.  
Corona treatments of wood fibers and polyolefins using electro magnetic fields generated 
by high electronic discharges were reported to be an effective technique for improving the 
mechanical properties of WPC.  Dong et al. (1993) had shown that the yield strength, strain, and 
the elongation at break of 15-30% fiber contained LDPE-based WPC were strongly improved by 
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the treatments.  The treatment of LDPE results in more improvement in the tensile strength, 
while the tensile modulus and ultimate strength appeared to be insensitive to the corona 
treatment.  Belgacem et al. (1994) reported that the tensile strengths at yield and rupture, energy 
at rupture, and the tensile modulus increased with the treatments.  The properties increased 
linearly with the corona current and the treatment time at a constant current.  They also 
suggested that the dispersive interaction plays an important role in improving the mechanical 
properties of WPC.  Dong and Sapieha (1991) showed that increased acid-base interactions 
enhanced the interfacial adhesion in wood fiber/LDPE composites as measured by a single fiber 































THE FOCUS OF THIS STUDY 
   
The purpose of this study was to study selected factors affecting the interfacial bonding 
of whole wood fiber pulp sheets and polypropylene (PP).  Unlike previous research on the wood- 
fiber-thermoplastic composites (WPC), this study was not oriented toward existing WPC 
technology.  Thermomechanical pulp (TMP) fibers formed into a thin handsheet were used for 
this study because lignin and other components are redeposited on their surface affecting their 
surface chemistry.  The deposition occurs when pulping is carried out in excess of the lignin 
glass transition temperature of 140°C.  Theoretically, this promotes fiber to fiber bonding 
without the use of resin binders.  The PP film was selected as a matrix material to obtain two 
advantages.  In general, PP has a high melting point and provides a high elastic modulus 
intension and tensile strength with a density less than 1 kg·m-2.  Additionally, a uniform melt-
flow into handsheets should occur during the hot-pressed laminating.    
In effect, this research relates to the fundamental interaction of the surface chemistry of 
natural, lignin-rich TMP fibers and hydrophobic thermoplastic materials.  Chemical and physical 
surface modifications on the TMP fibers and PP film were studied.  Interfacial interaction 
between lignin-like wood fiber surfaces and a hydrophobic thermoplastic was studied by 
examining the effect of chemical and physical surface modifications on the tensile properties of 
thin laminates made of thin TMP fiber handsheets and thin sheets of PP film. 
Since wettability between polar solid and non-polar liquids is a commonly used indicator 
of compatibility, the behavior of macro- and micro-sized adhesive droplets on thin microtome 
sections of earlywood and latewood of loblolly pine (Pinus taeda L.) was investigated.  Droplet 
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behavior such as changing contact angle, volume, and surface tension measurements related to 
interfacial shear strength properties were studied.  Due to the different behavior in droplet sizes 
on the wood surface, droplet verses AFM scanning methods were used to measure the contacting 
angle and also compared between them.  
The plasma treatments were used to modify the surface chemistry of thin pulp sheets by 
using a direct current (DC) generator to improve interfacial adhesion.  The oxygen-based DC 
plasma was applied to the surface of TMP fiber handsheets, and PP film.  Specimens were tested 
in tension to determine if the treatments enhanced tensile properties of the laminates. 
Further study was made to elucidate an understanding of the interfacial interaction 
between TMP fiber and PP.  The grafting effect of maleic anhydride (MA) as an interfacial 
bonding agent was studied and its influence on the tensile strength properties of the TMP 
handsheet-PP film laminates (TPL).  This study included the effect of different levels of MA and 
benzoyl peroxide (BPO) on the TMP fiber and PP film interactions. Optical equipment was used 
to examine the nature of the fracture surfaces of tensile test specimens. The effect of thermal 
treatment of TMP pulp was also considered.  Estimates were made of the porosity of TMP fiber 
handsheets and the number of fibers exposed at the fracture surfaces interface to see if these 
correlated with the tensile strength properties of TPL.   
In another study, the surface of thin fiber handsheets was sprayed with thermosets, liquid 
resins, urea- and phenol-formaldehyde (UF and PF) resins, to enhance the tensile strength 
properties of TPL.  This study investigated the influence of thermoset adhesive levels and other 
experimental factors on the tensile properties of TPL.   
Finally, interfacial phenomena of PP induced heterogeneous nucleation ability was 
observed on the fiber surfaces of untreated, cleaning with distilled water and extracting with an 
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organic solvent.  This study investigated the influence of surface deposit materials on the 





























Previous wetting studies involving contact-angle measurement on wood surface 
wettability have shown as an old and well defined technique with model liquid called probes 
(Gardner et al. 1991, Wålinder 2000, Wålinder and Ström 2001).  Wetting studies with wood 
fiber plastic composites (WPC) have evaluated qualitative surface chemistry and treatment 
effects on the surface determined by contact angle analysis to reveal chemical bonding evidence 
between fibers (Felix and Gatenholm 1991, Hedenberg and Gatenholm 1995, Geoghegan and 
Krausch 2003).  Untreated wood materials were highly hydrophilic, but this was substantially 
reduced by chemical and physical surface modification (Matuana et al. 1998a, Gauthier et al. 
1999, Rabinovich 2002).  Improved contact angle measurements of the modified surfaces were 
positively correlated to shear strength properties at the interface.  Single lap-shear-joint tests and 
peel tests (Kolosick et al. 1993, Chen et al. 1995, Matuana et al. 1998b, Oksman and Lindberg 
1998) were used to investigate surface interactions at the wood-polymer interface.  Assuming 
that the failure of samples occurred at the interface and that the stress distribution was uniform, 
peel and lap shear strengths can be considered as a qualitative measure of interfacial adhesion.  
In practice, contact-angle measurements can be readily obtained on flat wood surfaces but not on 
fibers.  However, wetting studies using thermoset such as urea formaldehyde (UF) and phenol 
formaldehyde (PF) resin have rarely been reported due to the incompatibility of thermosets in 
contact with a thermoplastic matrix. 
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Some factors influencing surface wetting of wood by liquid monomers and polymers 
were evaluated to study their effect on flexural and shear strength properties of wood-based 
products as well as surface energetic properties at the interface (Hse 1972a, 1972c, Shupe et al. 
1998).  The previous research was based on contact-angle at the liquid-solid interface.  Limited 
studies have been made to study wetting of solid wood by contact angle measurement of sessile 
or micro-droplets of thermoset resins where the effect of wood structure was considered.  The 
dispersing area of thermoset droplets was influenced by wood structure, grain directions, glueline 
thickness, viscosity, molecular weight distribution, surface roughness, and surface chemistry 
(Hse 1968, Hse 1971, 1972a, 1972b, Gardner et al. 1996, Liu et al. 1997, Hse and Kuo 1988, 
Richter et al. 2002).  Mathematical expressions on the droplet volume were based on the 
response of equivalent height and average contact angle of droplets with an assumption of the 
symmetric droplet dispersing on the wood surface (Chatterjee 2002a, Chatterjee 2002b).  
However, surface roughness at the local sites is heterogeneous due to the cellular structure of 
wood and different grain angles of the wood specimens.   
Cazabat (1992) has shown that the wetting behavior between macro- and micro-droplets 
on the wood surface were different.  To determine the optimum level of thermoset and thermoset 
wetting characteristics for the wood-based composites, more wetting studies were performed 
(Casilla et al. 1981, Chibowski and Perea-Carpio 2002, Sharma and Rao 2002, Paunov 2003). 
This examined the differences between the behavior of micro-sized adhesive droplets on the 
earlywood and latewood of loblolly pine (Pinus taeda L.).  This study also addressed droplet 
behavior such as contact angle of thermosets on the surface of microtome sections, 
heterogeneous wetting, and interfacial strength properties between thermosetting resins applied 
 
 23
wood surface and polypropylene (PP) film.  The droplet verses scanning method for the contact 
angle measurement on a wood surface was also examined.  
3.2. Materials and Experimental  
3.2.1. Materials 
Earlywood and latewood from the sapwood of loblolly pine were selected from areas 
around Pineville, La.  Wood samples were microtomed with each tangential section of 1.4 x 1.4 
x 0.06 cm3.  The wet microtomed samples were placed between glass plates and dried for 48 
hours at 80 °C.  To minimize sample warping, a slight load was applied.  PP films (Plastic 
Suppliers, Inc. Columbus, OH) were used to make lap-shear joints.  Two liquid thermosets - urea 
formaldehyde (UF; Dynea Inc., Chembond YTT-063-02, 60% solid content) and phenol 
formaldehyde (PF: Dynea 13B410, 100 cps, Sp. Gr.: 1.202, 56% solid content) resin were used 
as probe droplets. 
3.2.2. Three Directional Images 
Three image-capture systems (SPOT RT camera, and two of SOAR VL-7EX; Scalar, Inc. 
Los Gatos, CA) and an image analysis system (Image-Pro Plus, V.5.2) were used to generate 
continual micro-images from sides (parallel and perpendicular to the grain direction) and top for 
5 minutes.  Figure 3.1 shows the experimental setup to measure wetting characteristics of UF and 
PF from the sides and top as a function of time.  Contact angle measurement used a sessile 
droplet method with microscopic magnification at 50×.  Two video capture systems were set up 
from the top and the side of the sample droplet.  An auto-pipette generated 2 µl micro-droplets to 
observe droplet behavior on the different wood surfaces.  Single images were generated from the 
video files every 5 seconds for 5 minutes.  During this stage, droplet size and volume changes 





Figure 3.1. Experimental procedures to collect phenol-formaldehyde resin wetting characteristics 
from the sides and top of the instrumental setup as a function of time. 
 
3.2.3. Atomic Force Microscope Scanning 
The technical feasibility of using AFM as a micro-manipulator to measure micro-contact 
angle measurement and its difference with sessile droplets using resins as a probe material was 
determined.  Figure 3.2 shows the 3-D plot of the surface and section analysis of the scanned 
surface.  The measurement of the topography of a sample using AFM involves a micro-
fabricated cantilever with a very small tip being scanned above the surface of the sample (Wang 
et al. 2001).  The scanning method used a Nanoscope IIIa atomic force microscope (AFM; 
Digital Instruments) mounted on a pneumatic isolation table with an acoustic hood over the dried 
droplet surface.  All AFM micrographs were taken at a resolution of 512 × 512 pixels in tapping 
mode™.   Micro-droplets were generated using an air-automated spray, and the size range was 
from 1 to 100 µm.  The micro-droplets were dried for 24 hours before scanning the wood 
surface. For the contact-angle measurements, two image analysis systems were applied.  The 
analysis systems were section analysis from the AFM software and Image-Pro Plus. 
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(a)        (b) 
 
(c) 
Figure 3.2. Atomic force microscopy (AFM) 3D images scanned at the edge of a micro-droplet 
and section analysis: (a) 3-D surface plot, (b) Section selection, and (c) Section 
analysis. 
 
3.2.4. Wetting Characteristics 
The geometry of droplets quickly changed into a hemisphere shape in five seconds.  In 
another five seconds, an exact hemisphere reflected a reduced volume (V) of the droplets (Figure 
3.3).  Thus, experimental and mathematical efforts developed several types of simplified 
hemispheric models to estimate a precise droplet volume on wood surfaces.  The following 
equation from Zwillinger (2003) described the volume, surface area, and angle of response for a 
hemisphere and a simplified model for the exact hemisphere:  
)3(
3
1 2 hRhVa −= π   ( aR = )              (3.1) 
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Where R was the hemisphere radius, determined by substituting R for droplet hight (h).  
However, the droplets remained as an enclosing hemisphere shape rather than an exact 
hemisphere.  Thus, the following equation was required to generate an exact volume for an 
enclosing hemisphere with contact angle (θ ) and droplet height (h) determined from the 
droplets.  






2 hhhVb −= θ
π                   (3.2) 
Accuracy in the droplet volume was obtained using balance of gravity and capillary forces, and a 
well-applied “drop volume” method for estimating interfacial tension (Lando and Oakley 1967, 
Wilkinson and Aronson 1973, Holcomb and Zollweg 1990, Chatterjee 2002a, Chatterjee 2002b).  
A drop of resin on the wood surface changed with gravity forces and a relatively small amount of 
droplets penetrated into the wood surface.  The surface tension equation was extracted by using 
capillary force response for droplet retention on the solid surface and each volume condition.  
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Where ρ∆  = density difference between the drop and continuous phase; 
 g  = gravity acceleration; 
 γ  = interfacial tension between the two phases; 
 r  = wetted radius; and 




3.2.5. Shape Analysis 
A dimensionless shape factor (DSF: Equation 3.5 and 3.6) was also generated from the 
capillary forces (











θπσρ 2, ) and wet area (A) of the resin droplets (Kwok 
et al. 1997, Chatterjee 2002a, Chatterjee 2002b).  The DSF from each volume condition was 
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3.2.6. Single Lap Shear Test 
Shear strength properties of the single-lap laminates were tested in tension using an 
Instron 4465 mechanical testing at a crosshead speed of 0.05in. min.-1 according to ASTM 
D5573-94 (ASTM 1994).  Seventy-two PP film laminated joints were prepared to a nominal UF 
and PF sprayed area of 0.45 × 0.4 inch2.  On each side of the wood strips, a UF or a PF resin was 
sprayed and six sheets of PP film were placed in the middle of the strips.  The single-lap shear 
specimens were pressed at 100 psi for two minutes at 400 °F.  At least 18 specimens were tested 
for each set of samples.  Analysis of variance was used to determine the potential significance of 
the main effects for this study with each resin and wood type.  Multiple comparisons were 
employed to determine significant differences between the different species using SAS software 




3.2.7. Fracture Surface  
Shear failure was observed using scanning electron microscopy (SEM; S-3600N) on the 
fracture surfaces of UF and PF-loaded microtomed wood surfaces and PP film joints, and the 
investigated interfacial adhesion characteristics at the resin sprayed wood surface and the PP 
interface.  An ion sputter apparatus (Technics Hummer V) was used to coat samples with an 
approximately 15-nanometer thin gold layer.  Images of 75x and 4,000x were generated at 10 
kV.   
3.3. Results and Discussion 
3.3.1. Shape Transformation 
Figure 3.3 shows droplets shape changes from an exact sphere of an adhesive droplet to 
an enclosing hemispherical dimension as a function of time on the wood surface.  The droplet 
shapes were transformed from an exact sphere with an initial contact angle of 162° to a 
hemisphere over time (showing little wetting).  The shape transformation occurred quickly, in 5 
seconds, from an exact sphere to an exact hemisphere shape.  From this result, the critical surface 












Figure 3.3. An enclosing hemispherical dimension of the micro-droplets from an exact circle of 
an adhesive droplet as a function of time on the wood surface. (A) Exact sphere, (B) 
Hemisphere, (C) Exact hemisphere, and (D) Enclosing hemisphere. 
 






and droplet volume were obtained by using the response of equivalent height of droplet changes 
(Eq. 3.1) and the response of the average angle (Eq. 3.2).  Where the droplets were extended by 
the gravity factor and surface condition of the wood surface, both methods were judged to be 
reliable to address substrate characteristics interfaced with the two resins.  Using the two 
methods, an increased precision to predict volume changes was obtained. 
3.3.2. Urea Formaldehyde and Phenol Formaldehyde Wetting  
Wetting characteristics of UF and PF droplets on the microtomed wood surface of 
loblolly pine earlywood and latewood are presented in Table 3.1.  Earlywood with UF droplets 
dispersed relatively quickly in the longitudinal direction on the surface with higher capillary 
pressure and the long fiber length.  Weight changes were also higher than other combinations.  
The cell cavities of earlywood are much larger than those of latewood which has both smaller 
cavities and thicker cell walls (Figure 3.7c).  Thus, the surface roughness influenced the 
dispersing factor and resulted in more resin penetration into the cell walls.  The dispersing ratios 
( //R / ⊥R ) indicated that adhesives dropped on the earlywood surfaces provided more extended 
resin coverage than that applied on the latewood surface.  In general, the critical surface tension 
was used to evaluate adhesive bonding characteristics at the interface (Scheikl and Dunky 1998,  
 
Table 3.1. Wetting characteristics of micro urea-formaldehyde and phenol-formaldehyde 
droplets on the microtome section of loblolly pine earlywood and latewood. 
Contact 
























//R / ⊥R  //θ  ⊥θ  //r  ⊥r  
Early 14.6 0.073 2.11 68.5 70.6 61.3 37.7 UF 
Late 12.1 0.069 1.39 67.5 72.9 48.7 40.6 
Early 13.0 0.068 1.42 65.2 78.6 88.7 60.2 PF 
Late 
0.55 
12.2 0.045 1.27 64.1 73.9 53.2 40.2 
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Wålinder 2000, Khan et al. 2004).  Surface tension ( //r ) values were close to published values 
(Hse 1971) while ⊥r  was not.  There was less penetration into the inner cell structure with 
latewood regardless of resin type.  This result probably influenced the shear performance at the 
wood-PP interface.  Volume changes of UF and PF droplets were shown as a function of time on 
the wood surface (Figure 3.4).  The initial contact angle was 162° and decreased rapidly in five 
to ten seconds.  After 30 seconds, the droplet volumes were fairly constant.  The volume changes 
with UF droplets on both wood types showed a similar trend as PF except PF on earlywood 
surfaces. UF resin gels very quickly and has very high molecular weight (MW) distribution 































Figure 3.4. Volume changes of urea-formaldehyde and phenol-formaldehyde droplets as a 




3.3.3. Single Lap Shear Strength  
Shear strength properties from single lap joints of the UF and PF sprayed wood surfaces 
and PP film interface are shown in Figure 3.5.  Single-lap shear strength increased 53% (from 
160 to 244 psi) when the latewood was sprayed with UF resin.  It should be noted that 88% wood 
failure was observed with UF resin sprayed on two wood types while 25% wood failure was 
noted with PF resin.  Single-lap shear tests demonstrated that the UF loading at the wood and PP 
film interface improved the interfacial interaction.  This result is largely attributable to the 
surface tension of wood with UF droplets due to the inherent properties of this resin.  The 
earlywood, which had higher dispersing ratios with both resin types, showed poor shear 
performances due to over penetration by capillary action.  Thus, the thermoset resin remaining 
on the wood surface was beneficial in increasing interfacial interaction at the wood-PP interface 
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Figure 3.5. Shear strength properties from single lap joint laminated assemblies of urea-
formaldehyde and phenol-formaldehyde sprayed wood surfaces and polypropylene 
film interface (The error bars represent one standard deviation).   
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3.3.4. Dimensionless Shape Factors 
Figure 3.6 shows dimensionless droplet shape factors (DSF) with a critical boundary 
between high and low retaining regions as a function of contact angle.  Loblolly pine had 
relatively higher retentions with UF resin than PF and influencd shape transformation of the 
droplets.  The higher retention indicates increased resin penetration into the wood and in general, 
confirms the fact that high resin retention at the interface is important to obtain effective 
adhesion.  Also shear strengths at the wood-PP interface increased and showed a lower 
thermoplastic failure than when thermoplastics were used for surface modification.  Therefore, 
the capillary forces and surface tension played an important role in influencing the interfacial 
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Figure 3.6. Dimensionless shape factor (DSF) changes as a function of contact angle changes of 




Table 3.2.  Model-generated contact angle measurements verses scanned angle of urea-
formaldehyde and phenol-formaldehyde droplets on the tangential surface of 
microtomed loblolly pine. 
Resin and Wood Type Sessile Droplet Model R2 Expected Angle 
Scanned 
Angle 
UF Earlywood 1215.0457.88 −= XAngle 0.88 24.2 28.3 
 Latewood 1051.0334.88 −= XAngle  0.95 28.8 31.0 
PF Earlywood 0882.0822.90 −= XAngle 0.98 35.4 35.5 
 Latewood 0835.0426.79 −= XAngle 0.94 36.2 39.5 
 
3.3.5. Contact Angle vs. Surface Scan  
Models were developed for contact-angle measurements using two different systems.  
The models differentiated droplet behaviors on two different wood surfaces.  Contact angles 
from scanned micro-droplets and predicted values with the best-fit models are presented in Table 
3.2.  Models were performed with α=0.05.  The R2 values obtained from the models were an 
excellent fit to the data collected from the microdroplet scanning method.  Microdroplets sprayed 
on the wood surfaces showed that wetting on a small scale is strongly affected by minimal 
physical surface heterogeneities more than the relatively larger scale of sessile droplets and they 
resulted in higher contact angles.  Thus, the AFM technique to scan microdroplets can be a 
beneficial to understand microscale droplet behavior of wood adhesives on the surface of wood 
materials.  Experimental contact angles on the wood surfaces were measured using AFM and 
found to validate prediction models. 
3.3.6. Shear Failure 
SEM micrographs showed the fracture surface from shear load in Figure 3.7.  The low 
magnification image shows many fibers exposed from the wood surface.  The fibers were 
produced by PP stretching during the shear failure.  PP film sheets were melted under heat and 
flowed into radial resin canals exposed on the tangential section and the tracheids, parenchyma 
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cells, transverse resin canals, and epithelial cells.  The fracture behavior of joints can also be 
affected by many other variables such as including the fiber and matrix nature, the fiber-matrix 
interaction, resin distribution, cell structure, etc.  Thus, the surface fibrillation of the PP matrix 
may add the interfacial shear strength of single lap shear joints. 
  





Figure 3.7. Scanning electron microscopy (SEM) micrographs generated with (a) low and (b) 
high magnification on the fracture surface of wood strip and polypropylene interface, 







INFLUENCES OF ARGON- AND OXYGEN-BASED PLASMA TREATMENTS ON THE 




Lignocellulosic materials have been widely utilized to make wood fiber-thermoplastic 
composites (WPC) because of their low weight, relatively high strength and stiffness, and 
machinability (Lin 1986, Rievld and Simon 1992, Kolosik et al. 1992, Wolcott et al. 2000, Xue 
and Tao1 2005).  Considerable effort has been made regarding chemical and physical surface 
modifications to improve the interfacial adhesion between the wood fibers and the polymer 
matrix (Karlsson et al. 1996, Espert and Karlsson 2004).  Several researchers have modified both 
the wood fiber and the thermoplastic surface with coupling agents (Beshay 1989, Kokta et al. 
1990, Maldas and Kokta 1990a, Collier et al. 1996, Mahlberg et al. 2001, Hristov et al. 2004).  
Another method used was plasma modification of the surface by introducing magnetic fields and 
ionized gases using electronic discharges.  However, surface modification using plasma on wood 
fiber materials remains poorly understood (Denes et al. 1999, Rehn and Viöl 2003).   
Plasma treatment of polymer surfaces promotes wettability, printability, and adhesion 
(Chaoting et al. 1993, Mahlberg et al. 1998, Lee et al. 1999).  In most applications, dielectrics are 
used to guarantee stable operation without material deformation.  This application requires 
discharge power of about 100 to 400W.  Useful operating frequencies are in the range of 10–
30 kHz (Draou et al. 1999, Kazayawoko et al. 1999, Jang and Yang 2000).  The technique 
provides effective surface modification and uniform surface coatings.  The treatment of surfaces 
at low temperature and pressure is important for large-scale WPC production (Poncin-Epaillard 
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et al. 1997).  The ion implantation is applied to both wood and non-wood materials to obtain an 
activation layer at the wood fiber-thermoplastic interface (Porta et al. 1990, Posadowski and 
Radzimaki 1993, Denes et al. 1999).  Essentially, this process provides a simple surface 
modification of wood and wood fibers by using ionized oxygen with nitrogen or argon gas as a 
carrier (Brown and Mathys 1997, Montes-Morán et al. 2001).     
Numerous processes take place simultaneously during plasma treatment of the surfaces of 
bio-based materials. These include dissociation by electron impact, ionization, and molecular 
excitation at low pressure and ambient temperature (Badey et al. 1996, France and Short 1997, 
Draou et al. 1999, Lee et al. 1999, Montes-Morán et al. 2001).  Gas sources for ionization have 
been used in plasma treatment on the surface of fibers or plastics, such as Ar, O2, cyclohexane, 
NH3, N2, methacrylic acid (MMA) (Felix et al. 1994, Young et al. 1996, Poncin-Epaillard et al. 
1997, Rehn and Viöl 2003).  Argon or oxygen plasma treatment improved interfacial adhesion 
properties from 5 to 15 times as measured by the peel test between polypropylene (PP) film and 
cellulosic filter paper.  In contrast, the cyclohexane plasma was less effective in the improvement 
of adhesion of treated regenerated cellulose (Young et al. 1996).  Thus, Ar or O2 plasma was 
shown to be very effective in improving interfacial adhesion at the fiber and PP interface.  The 
enhancement was due to the formation of a plasma associated ionized layer on the cellulose 
surface and resulted in strong acid/base interactions.  The NH3 or N2 plasma treatment for 15 
seconds on cellulose fibers containing 86% cellulose and 13% hemicellulose also yielded lower 
modulus properties in polystyrene (PS) composites (Felix et al. 1994).  Oxygen and carbon (O/C) 
ratio of cellulose fibers with a 15 second treatment time reduced the modulus significantly.  But 
further exposure to the plasma environment caused an increase in the O/C value due to the 
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induced thermal degradation and ablation of the modified surface layers (Mahlberg et al. 1998, 
Denes et al. 1999).  
Heat generated between electrodes was not beneficial in modifying the wood surface due 
to the thermal effects on the chemical composition of the wood fiber (cellulose, hemicellulose, 
and lignin).  The temperature was generally above glass transition temperatures of the wood 
materials as well as the melting point of thermoplastics (Maldas and Kokta 1991a, b).  Therefore, 
many researchers have used the cold plasma system to obtain an optimum treatment effect as 
well as improved surface modification (Chaoting et al. 1993, Young et al. 1995, Poncin-
Epaillard et al. 1997, Rehn and Viöl 2003, Bente et al. 2004).  Cold plasma was generated when 
an electromagnetic field and gas flow at low pressure and near-ambient temperature was used 
from the power sources of direct current (DC), radio frequency, and microwave (NPPS 1995, 
Lennon et al. 2000, Ihara et al. 2001).  Both the surface chemistry and morphology of the treated 
wood fibers and plastics provided electron donor rich and oxygen activated surfaces (Young et 
al. 1996, Poncin-Epaillard et al. 1997). 
Physical adhesions, acid-base interactions, and chemical linkages may all be involved in 
the adhesion between the plasma modified TMP fibers and plastics, but their relative 
contributions to the interfacial adhesion may depend on the nature of ionized gases and plasma 
treatment procedures.  The surface modification can also change mechanical interlocking 
between the wood fibers and thermoplastic matrix without chemical modification.  The 
interaction of TMP fiber surfaces and a semicrystalline polymer with Ar and O2-plasma treated 
interface is not clearly understood.  Therefore, a major thrust of this study was to study the effect 
of direct current (DC)-based plasma treatment on the interfacial interaction between TMP fiber 
handsheets and PP.  
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4.2. Materials and Methods 
4.2.1. Materials 
Thermomechanical pulp (TMP) fibers (loblolly pine; Pinus taeda L.) were generated  
from mature wood at 8 bar digester/refining pressure in a continuous, pressurized, single-disc 
refiner at the Bio Composites center, University of Wales, Bangor, Wales, UK.  The average 
moisture content of the TMP fibers was 8.2 percent.  Macerated TMP fibers were prepared in the 
laboratory and filter papers were Sharkskin lot No. X31 from Schleicher & Schuell Inc. Keene, 
NH.  Five grams of fibers were soaked in 500 ml water for 24 hours and formed into 5.5-inch 
diameter handsheets.   
Polypropylene (CO-EX, Plastic Suppliers, Inc., Columbus, OH) film was used for 
evaluating the Ar and O2 plasma effect on tensile strength of the TMP fiber handsheet and PP 
film laminates (TPL).   
4.2.2. Ar and O2 Plasma Treatment 
Figure 4.1 shows the modified ion sputter (Ladd Sputter Coater, Ladd Research 
Industries, Inc., Williston, VT) that was used for Ar and O2 plasma treatment on the TMP fiber 
handsheets and PP films.  This plasma system had parallel electrodes and a DC-based power 
source.  The distance between the two electrodes was 2 inches, and a plasma barrier plate was 
located 1-inch from the top and bottom electrodes.  Experiments were performed on non-neutral 
plasma, utilizing electron trap and ion trap with an indirect plasma etching operation using a 
plasma barrier between electrodes.  The plasma barrier provided secondary plasma overflow on 
wood materials and minimized thermal transfer from the top electrode to the wood samples.  The 
simplicity of the systems also led to a better understanding of the electromagnetic field effect 




Figure 4.1. Parallel plate direct current (DC)-based dielectric discharge with a plasma barrier 
plate to generate secondary plasma on the substrate. 
 
environment.  The Ar and O2 plasma treatment was performed with a 20 sccm (standard cubic 
centimeters per minute) gas flow rate and exposure times of 30, 60, 300, and 600 seconds.  The 
chamber was evacuated below 30 mtorr and argon gas was purged twice at a chamber pressure of 
100 mtorr to clean the chamber and the sample.  Argon-based plasma was performed at the 
chamber pressure of 100 mtorr, 2.5 kV, and 34 mA.  Oxygen-based plasma was carried out at 
100 and 200 mtorr chamber pressure, 1.5 kV, and 40 mA.  After the plasma treatment, the 
chamber was re-evacuated to 30 mtorr and slowly purged with air. 
4.2.3. Atomic Force Microscopy and Fourier-Transform Infrared Spectroscopy (FTIR) 
Atomic force microscopy (AFM) was applied to characterize the surface topography of 
substrates as well as to observe adhesion and mechanical properties on scales from hundreds of 
microns to nanometers.  This study used a Nanoscope IIIa AFM (Digital Instruments) mounted 
on a pneumatic isolation table with an acoustic hood.  The scanning area was 1 um2 (360 
samples) and 6.25 um2 (120 samples).  All AFM micrographs were taken at a resolution of 512 × 
512 pixels in tapping mode.  The images were evaluated and statistically analyzed using the 
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quantify root mean squire (RMS) to quantify surface roughness.  FTIR (NEXUSTM 670 FTIR 
E.S.P.; Thermo Nicolet) is equipped with “Smart Golden Gate” and mid- range (4000- 650cm-1) 
capabilities.  The data acquisition software was OMNIC 5.2.   
4.2.4. Scanning Electron Microscopy 
The morphology of the TMP fiber handsheet and PP films was investigated using 
scanning electron microscopy (SEM: Hitachi S-3600N).  Mounted fibers were coated with an 
approximately 15-nanometer thin gold layer using an ion sputter (Technics Hummer V).  The 
morphological characteristics were analyzed from photomicrographic images to identify the fiber 
surface conditions.  Images were generated at 15 kV and 1,000×.   
4.2.5. Fabrication of TPL 
The weight fraction of TMP fiber handsheet and PP film was 50/50.  Two handsheets and 
12 PP films were cut into 2 × 4 inch2 sizes to perform the plasma treatment. Treated samples 
were laminated and pressed at 100 psi pressure with a pressing temperature of 400 °F for two 
and half minutes using a 6 × 6-inch laboratory press. 
4.2.6. Tensile Strength Test 
One hundred and eighty dog-bone tensile samples were cut to nominal dimensions of 2 × 
0.6 × 0.027 inch3 with a neck width of 0.18 inch.  Tensile strength properties were tested using 
an Instron 4465 mechanical testing machine at a crosshead speed of 0.05 in. min.-1 according to 
ASTM D638-03 (ASTM 2003).  At least 6 specimens were tested for each set of samples and the 
mean values as well as standard deviations were calculated. 
4.2.7. Differential Scanning Calorimetery 
Thermal characteristics of plasma treated samples were evaluated with differential 
scanning calorimetery (DSC; Perkin-Elmer DSC 7) under nitrogen atmosphere.  A heating rate 
 
 41
of 5 °C min.-1 from -30 °C to 200 °C and a cooling rate of 5 °C min.-1 from 200 °C to 50 °C were 
applied for DSC samples.  Finally, thermal characteristics of glass transition (Tg), onset (Tom and 
Toc), and peak temperature (Tm and Tc) were determined by endothermic and exothermic curves 
during the polymer relaxation and crystallization based on ASTM E793-01 and E794-01 (ASTM 
2001a, b).  For calculation of the percents of crystallinity ( CX ) of the plasma treated samples 


















X                                                          (4.1) 
 
Where fH∆  and 0fH∆  are heat of fusion (J g
-1) from the area under the crystallization curve and 
heat of fusion from 100% crystalline PP (207.14 J g-1).  The w  is the mass fraction of PP in the 
TMP fiber/PP film laminates. 
4.3. Results and Discussion 
4.3.1. Effects of the Plasma Barrier on the Tensile Strength Properties 
Figure 4.2 shows the secondary O2 plasma field effect on the tensile strength properties 
of TPL.  The plasma barrier provided O2 plasma overflow from the primary to the secondary 
region on the surface of the samples.  The barrier minimized thermal damages on the surface of 
the TMP fiber handsheets and PP films.  The barrier also provided 55% increased tensile strength 
over control samples and also resulted in a 20% increase compared to samples treated without 
the plasma barrier plate.  The TMP fiber handsheets and PP films could not be treated for 5 
minutes due to extreme thermal damage.  Therefore, the plasma barrier plate was used to prevent 




























Figure 4.2. Effects of O2 plasma treatment methods on the tensile strength properties of 
thermomechanical pulp fiber handsheet and polypropylene laminates (The error bars 
represent one standard deviation). 
 
4.3.2. Effects of the Plasma Sources on the Tensile Strength Properties 
Figure 4.3 shows the effect of Ar- and O2-plasma sources on tensile strength of TMP 
fiber handsheet and PP film laminates as a function of surface exposure time.  The tensile 
strength properties of treated laminates increased 60 to 85% with O2-plasma and 50 to 78% for 
Ar-plasma treatment.  The optimum plasma effect was obtained in the 30 to 60 second range of 
treatment times.  The plasma enhanced process showed a couple of limitations of material 
conditions of a complex geometry as wood-based lignocellulosic materials.  These related to low 
vacuum used and to thermal damage.  There was a strong interaction between the two plasma 
treatments used in the experiment and treatment time on increased tensile strength of TPL as 




























































Figure 4.3. Effect of (a) Ar- and (b) O2 -plasma sources on tensile strength as a function of 




4.3.3. O2-plasma Treatment on Three Different Fiber Surfaces 
Figure 4.4 shows the effect of the O2-plasma treatment on tensile strength properties of 
three levels of lignin content.  The fibers were controlled with different lignin contents in the 
chemical composition of each fiber type.  TMP fibers consisted of 25.4% lignin, and the lignin 
content decreased under 6.8% with macerated TMP fibers and lignin-free filter paper (contains 
less than 0.02% lignin content).  The filter paper fiber handsheet and PP film laminates showed a 
two fold increase in tensile strength compared to the TMP fiber-based handsheet laminates due 
to the higher cellulose content of the former.  However, TPL were the most effective O2-plasma 
treatment for tensile strength.  Thirty second treatment on the TMP fiber handsheet increased the 
strength properties by 80% while other fiber types led to an increase of 17 to 18%. It should be 
noted that 30 second O2-plasma treatment on the TMP fiber handsheets, containing 25.4% lignin, 
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Figure 4.4. The effects of O2 plasma sources at 200 mtorr pressure as a function of three different 
fiber types, three plasma treated surfaces, and three treatment times on tensile 
properties of thermomechanical pulp fiber handsheet and polypropylene film 












Figure 4.5. Fourier-transform infrared spectroscopy spectra of O2-plasma treated (a) 
thermomechanical pulp fiber handsheet and (b) polypropylene film with one and 
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4.3.4. Fourier-transform Infrared Spectroscopy (FTIR) 
FTIR absorbance spectra of oxygen-plasma treated TMP fiber handsheets and PP film is 
shown in Figure 4.5.  The intensified peaks represented chemical skeletons of the TMP fibers 
and PP structures.  Figure 4.5a showed FTIR bends of TMP fiber such as 3348cm-1 assigned as 
an alcoholic hydroxyl group, C-O stretching at 1300 - 100 cm-1, and CH2 at 2908 cm-1.   Figure 
4.5b showed PP skeletons of symmetric and anti-symmetric CH2 and CH3 stretching vibration at 
the bend range of 3000 - 2800 cm-1 as well as deformation vibration at 1500 - 1350 cm-1. The 
noises from bend ranges of 3900 - 3500 cm-1 and 1500 - 2000 cm-1 appeared with the oxygen 
plasma treatment.  However, after three minutes of exposure to atmospheric conditions the 
spectra appeared to have less noise after air was introduced into the plasma chamber before the 
FTIR scan.  The spectra represented were matched with untreated FTIR spectra.  The noise may 
be caused by either ionized oxygen activation or a magnetic field effect in contact of a material 
surface.  The noise regions from the FTIR spectra are nebulous to assign as a certain bond due to 
the lack of the instrumental sensitivity. 
4.3.5. Thermodynamic Characteristics 
Table 4.1 shows thermal characteristics of wood fiber handsheet and PP laminates 
fabricated with O2 based DC-plasma treated handsheets and PP films.  In general, the thermal 
quantities were reduced due to the 30 second treatment and then slightly increased with 60 
seconds of treatment as determined from both the endothermic and exothermic curves.  The PP 
crystallinity ( CX ) decreased to 30’s and glass transition temperatures (Tg) increased with the 
TMP fibers. The crystallinities are lower than for 100% PP film scan.  The decreased melting 
point (Tm) with TMP fibers may be influenced by introducing an ion implanted surface which 
also may reduce crystallinity (Bai et al. 1999, Ali et al. 2005).  Addition of the wood fibers as 
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filler and ion implantation may reduce the Tm and  CX .  This result indicates that thermal 
behavior of PP with O2-plasma treatment positively influenced the interfacial strength 
enhancement. 
Table 4.1. Thermodynamic quantities of O2 based direct current (DC)-plasma treated wood fiber 
handsheet and polypropylene laminates.* 































PP film --- -21.1 156.9 161.7 69.6 121.4 117.3 95.0 46 
TMP    0 1.05 -12.5 152.7 163.1 56.1 120.9 116.2 82.2 40 
 Handsheet 30 1.13 -14.0 149.8 162.9 48.2 121.1 116.9 74.2 36 
  60 1.17 -14.0 150.4 162.8 38.8 121.1 116.4 63.2 31 
 PP 30 1.06 -22.6 153.0 162.9 41.9 121.0 116.3 71.2 34 
  60 1.08 -18.2 151.8 162.8 51.6 121.2 116.7 77.8 38 
 Both 30 1.06 -22.4 151.5 163.0 46.4 121.2 116.8 75.2 36 
  60 1.06 -21.8 149.9 162.3 43.0 121.3 116.6 68.2 33 
Macerated TMP 0 1.18 -20.9 149.9 162.7 40.1 121.2 116.9 64.5 31 
 Handsheet 30 1.17 -22.7 149.7 162.8 41.1 121.3 117.1 68.5 33 
  60 1.15 -22.3 150.0 162.5 41.7 121.5 117.3 66.7 32 
 PP 30 1.16 -21.6 154.4 163.4 41.6 121.2 116.7 64.5 31 
  60 1.17 -21.5 155.1 162.3 34.1 121.2 116.8 60.9 29 
 Both 30 1.22 -22.9 150.2 162.4 37.1 121.0 116.8 63.9 31 
  60 1.09 -22.7 149.4 162.6 44.8 121.4 117.3 71.8 35 
Filter Paper 0 1.10 -20.7 149.7 160.9 38.7 126.0 120.4 68.4 33 
 Handsheet 30 1.17 -22.8 150.9 160.0 39.7 126.4 120.5 65.0 31 
  60 1.15 -22.7 150.4 160.1 44.5 126.3 122.7 70.0 34 
 PP 30 1.11 -22.3 149.9 160.6 39.9 126.3 120.1 68.3 33 
  60 1.07 -22.3 150.6 161.4 47.3 125.8 120.3 80.5 39 
 Both 30 1.12 -22.6 150.4 159.6 37.7 126.0 122.6 62.9 30 
  60 1.13 -22.1 150.6 160.2 38.9 125.8 122.0 71.5 35 
* Each value represents an average of three specimens. 
 
4.3.6. Surface Topography and Roughness  
 The PP film surfaces that had been treated with oxygen plasma using different exposure 
times and applying DC power are shown in Figure 4.6.  Three dimensional AFM images of 24 
plasma treated handsheets and PP film samples were generated.  The AFM images show that 
increased plasma treatment time on the film surface created small spherical nodule structures.   
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(a)    (b)          (c) 
 
Figure 4.6. O2 plasma modification of the surface of polypropylene film. (a) Untreated; Z=353.5 
nm and 10.9 Hz, (b) 30 seconds; Z=94.6 nm and 1.2 Hz, and (c) 60 seconds surface 
treatment; Z=35.8 nm and 1.3 Hz. 
 
The AFM images appeared to have rough surfaces without Z scales.  However, a closer look on a 
nano-scale reveals a distinct difference among the three surfaces.  In this study, untreated 
surfaces consisted of small irregular structures while the treated surface appeared with nodule 
structures forming a layer on the PP film surfaces. The PP film surface was nearly smooth and 
completely covered with small spherical nodules and resulted in a reduction in surface 
roughness.  The PP surface treated with plasma for 60 seconds is covered with nodules which are 
about twice in size of those on samples exposed for 30 seconds. 
 
   
(a)        (b)           (c)      
 
Figure 4.7. O2 plasma modification on the surface of thermomechanical pulp fiber handsheets. 
(a) Untreated; Z=188.5 nm and 1.3 Hz, (b) 30 seconds; Z=209.5 nm and 0.84 Hz, 
and (c) 60 seconds surface treatment; Z=67.5 nm and 0.84 Hz. 
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Three dimensional AFM scan images of O2-plasma treated TMP fiber handsheets are 
presented in Figure 4.7.  The AFM images of handsheet surfaces were more difficult to scan than 
those made with macerated TMP fiber and filter paper due to the surfaces of coarse and fractured 
fibers.  Plasma treated handsheet surfaces also showed nodule structures while the special 
structures were rarely formed on the untreated TMP fiber surface in the scanning size of 6.25 
um2 and 1 um2.  The plasma-treated TMP fiber surface may be covered with ionized oxygen and 
electromagnetic fields which could influence surface structure changes.  The TMP fiber surface 
is relatively smooth and the size of the nodules increased when the surface was treated for 60 
seconds as seen on PP film surface.  The nodule structures were not typically observed on the 
untreated wood fiber surface.  The nodular coverage similar to macerated TMP and filter paper 
fibers was found in the flat areas. 
Table 4.2 shows quantitative RMS measurements from AFM with four material sources, 
three plasma treatment times, and two scan sizes.  The RMS roughness yielded very similar 
 
Table 4.2. Quantitative root mean squire (RMS) from atomic force microscopy. 
  Scan Size 
2.5 µm* PSD Equ.** 1 µm* Sample types Treat Time (nm) (nm) (nm) 
0 Sec. 14.9 17.9 7.7
30 Sec. 8.4 9.2 6.4 Polypropylene 
60 Sec. 9.99 11.4 7.1
0 Sec. 121.5 139.98 37.5
30 Sec. 65.4 82.9 36.0TMP Fiber 
60 Sec. 77.0 91.6 36.3
0 Sec. 52.5 49.0 17.4
30 Sec. 48.4 54.9 19.5Macerated TMP Fiber 
60 Sec. 63.5 71.2 30.4
0 Sec. 44.4 50.7 22.1
30 Sec. 41.8 46.4 17.4Filter Paper 
60 Sec. 52.7 66.5 17.6
* The values are an average of 10 scan for the 2.5 µm scan size and 30 scans for the 1 µm scan size. 








(c)         (e) 
 
Figure 4.8. Scanning electron microscopy (SEM) micrographs of fracture surfaces of 
thermomechanical pulp fiber handsheets and polypropylene laminates. (a) Untreated, 
(b) 30 sec. on the handsheet, (c) 60 sec. on the handsheet, (d) 30 sec. on 
polypropylene film, and (e) 60 sec. on polypropylene film. 
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results as thermal characteristics of gT  and CX  from DSC.  The RMS roughness of the four 
material surfaces was lower with 30 second plasma treatment and slightly higher with 60 seconds 
of treatment.  It seems likely that the DC-based O2-plasma is responsible for the change in 
surface roughness of both fiber and PP film.  The modification may generate ionized oxygen and 
an electron rich donor surface from electromagnetic field generation.  Power spectral density 
(PSD) Equivalent RMS was generated using light intensity and provided the highest surface 
roughness compared to 2.5 and 1 um scan sizes. 
 
4.3.7. Fracture Surface Morphology 
Fracture surface morphology of tensile failures is shown in Figure 4.8.  A poor interfacial 
interaction between TMP fibers and PP was observed with control samples (Figure 4.8a).  TMP 
fiber failure rarely occurred and fibers pulled out from the PP matrix without surface damage.  
Thirty second O2-plasma treatments showed thermoplastic and TMP fiber failure instead of 
failure at the wood fiber and thermoplastic interface.  Figure 4.8b and d show a distinctive 
thermoplastic failure.  Handsheets exposed for 30 seconds under O2-plasma showed many 
stretched PP fibers around TMP fibers.  The findings were not observed with 30 second PP 
treatment.  Sixty seconds exposure under the O2-plasma provided similar results as 30 second 












TMP FIBER SURFACE MODIFICATION FOR ENHANCING THE INTERFACIAL 
ADHESION WITH POLYPROPYLENE 
 
5.1 Introduction  
The potential use of thermomechanical pulp (TMP) fibers as a reinforcing component for 
thermoplastics opens up further possibilities for use of low-cost lignocellulosic fiber resources.  
Researchers have shown an increasing interest in natural fiber-reinforced polymer composites 
due to the inherent properties of bio-based fibers, such as low density, relatively high toughness, 
high strength and stiffness, and good thermal properties and biodegradability (Rowell and 
Clemons 1992, Rezai and Warner 1997, Wu et al. 2000, Joseph et al. 2003).  However, a main 
disadvantage of natural fibers is their poor compatibility with hydrophobic thermoplastics.  
Therefore, chemical modifications are necessary to increase interfacial adhesion at the wood 
fiber and semicrystalline polymer interphase. 
Surface modification with multifunctional monomers increases interfacial adhesion by 
modifying surface chemistry, surface roughness, and surface free energy of the wood fibers 
(Gray 1974, Liu et al. 1994, Wang and Hwang 1996a,b).  Anhydrides as a coupling agent have 
received a great amount of interest (Maldas et al. 1989a, Maldas and Kokta 1991b, Khan and 
Idriss Ali 1993, Bamford and Al-Lamee 1994, Lu and Chung 1998, Hill and Cetin 2000, Li et al. 
2001).  Anhydride groups react chemically with the hydroxyl groups of wood fiber to form ester 
bonds.  These bonds between the treated wood fiber and PP provide a good interfacial adhesion 
for wood fiber and thermoplastic composites (WPC).  Maleic anhydride (MA), polymethylene 
polyphenyl isocyanate (PMPPIC), and maleic anhydride polypropylene (MAPP) are recognized 
as well known coupling agents in WPC (Lu et al. 2000).  MA and MAPP have been shown to be 
relatively effective in improving both physical and mechanical properties of TMP fiber and PP 
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composites.  Both the chemical structure and the modification procedure improved mechanical 
properties of WPC through their coupling actions at the interface.  The reaction rate and the 
number of anhydride groups reacted with the lignocellulosic fibers differenced from those of MA 
due to differences in their chemical structure which affected their  reactivity (Clemons et al.1992, 
Felix and Gatenholm 1993, Grell 2001, Lu 2002). 
Benzoyl peroxide (BPO) and dicumyl peroxide (DCP) were commonly used as initiators 
for the modification of wood fibers and thermoplastics to graft MA onto the wood fiber surfaces 
(Raj et al. 1990, Keener et al. 2004, Demir et al. 2005, Denac et al. 2005a, Denac et al. 2005b, 
Minisini 2005).  Initiators have been used to improve interfacial adhesion by adding them 
directly to the fiber-plastic mixture (Cousin et al. 1989, Sapieha et al. 1990).  However, the BPO 
impregnation was much less effective than the direct blending process with an exception of some 
improvement in the yield stress of LDPE composites (Raj et al. 1990).  The lower effectiveness 
of the impregnation method was caused by fiber surface adsorption which reduced the amount of 
peroxide available when the fibers were treated with MA (Bataille et al 1990).  A small amount 
of BPO or DCP sharply increased the yield stress of PE composites.  The BPO or DCP 
concentration, defined as a peroxide weight fraction at which the yield stress reaches 95% of its 
maximum, depended on the fiber content (Sapieha et al. 1990, Gassan and Bledzki 1997).  DCP 
was more effective than BPO at low levels of peroxide addition due to the lower decomposition 
rate at high temperatures ensuring a better dispersion in the polymer.  However, thermodynamic 
mechanical properties of polyvinyl chloride (PVC) based composites increased 20% by using 
4.12 % MAPP (Raj et al. 1990, Raj and Kokta 1995, Matuana et al. 1998, Lu et al. 2004).  
The MA has two different functional groups, an unsaturated carbon-carbon double bond 
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and an anhydride group (Figure 1.1).  Both groups attack wood fiber surfaces and build 
crosslinking reactions via hydroxyl groups.  This characteristic makes MA an attractive coupling 
agent in WPC.  Esterification reactions between wood fiber and MAPP also proved to be 
beneficial in increasing strength properties (Marcovich et al. 2001).  The esterification reaction 
can be optimized by using catalysts, sodium hypophosphite hydrate, for esterification between 
the MA and the bleached wood fibers (Kazayawoko et al. 1997a).  However, little effect on the 
esterification of chemical-thermomechanical pulp (CTMP) fibers was reported.  Tensile strength 
properties of PP based composites were improved with 2-5% MA addition (Mohanakrishnan et 
al. 1993, Wu et al. 2000). 
With regard to mechanical properties of WPC, interfacial property enhancement is 
important at the TMP fiber-thermoplastic interface.  The maleation of the wood fiber surfaces 
provided a high variation on the mechanical properties of WPC depending on the wood or plastic 
materials, copolymer types, and processing conditions.  Therefore, this study was conducted to 
evaluate the effects of MA grafted TMP fiber surfaces in contact with PP melts.  It also evaluated 
the porosity of TMP fiber handsheets and number of fibers exposed on the fracture surfaces to 
determine its relationship to tensile strength properties of TMP fiber handsheets and PP 
laminates (TPL). 
5.2 Materials and Methods  
5.2.1. Materials 
Wood fiber samples used in this study were loblolly pine chips (Pinus taeda L.) 
converted to thermomechanical pulp fibers at 8 bar steam pressure conditions and 8.2% moisture 
content (Lee 2002).  Maleic anhydride (Huntman Chemical Co., Chesterfield, MO) was used as a 
modifying agent with a purity > 99 % and a melting point of 52ºC.  Benzoyl peroxide (BPO; 
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Benox® A-80; NORAC, Inc. Azusa, CA) was used as an additive component to initiate MA 
reaction on the TMP fiber surface.  It contained 20% water and 5.1% active oxygen. Toluene 
(Fisher Scientific Inc., Pittsburgh, PA) was used as a reagent.  A PP film (Plastic Suppliers, Inc., 
Columbus, OH) was used to fabricate TPL.  
5.2.2. Thermomechanical Pulp Fiber Modification 
Table 5.1 shows the conditions of the TMP fiber surface modification.  The modification 
with MA was carried out by soaking the fibers in an MA/BPO solution.  Treatment solutions 
were formulated based on the weight fraction of MA (12.5, 25, and 50 grams)/BPO (12.5 grams) 
in toluene (1 L) which was heated to 100 °C.  The final total solution was 2 L.  Fifty-eight grams 
of TMP fiber were soaked for 10 minutes.  The treated fibers were removed from the treatment 
solution and excess chemicals on the surface of the TMP fibers were washed out with distilled 
water.  The fibers were ovendried at 60 °C for 38 hours. 
 
Table 5.1. Maleic anhydride grafting conditions for the thermomechanical pulp fiber surface 
modification. 
TMP Fibers 7.5 grams (each load) 
MA and BPO ratios 0:0, 1:1, 2:1, and 4:1 
Reagent Chemicals  Toluene 
Reaction Temperature 100 °C 
Treatment Time 10 minutes 
 
5.2.3. Fabrication of Handsheet and Polypropylene Film Laminates 
A total of 36 handsheets were formed with 2 grams (OD wt.) of treated TMP fibers and 
were press-dried at 25 °C and 60 °C with 50 psi pressure to evaluate the effect of drying 
conditions on the handsheet porosity and tensile strength properties of TPL.  Handsheets were 
stored in a vacuum dessicator until laminates were fabricated.  The TPL (50/50% weight 
fraction) were pressed under 100 psi pressures for three minutes at 400 ºF.  
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(a) (b) (c) 
 
Figure 5.1. Porosity of wood fiber handsheet and polypropylene laminates using image analysis; 
(a) Stage I. Original Images, (b) Stage II. Gray Transformation, and (a) Stage III. 
Intensity Range Selection. (16 x 11 mm2). (Scale bar on each image represents 5 mm) 
 
5.2.4. Image Analysis  
A SPOT RT Color “F” mounted digital camera (Diagnostic Instruments Inc., 1520 x 
1080 resolution and Spot Adventure – Ver. 3,2,4) was employed for microphotographing 
handsheet porosity and number of fiber measurements.  The images for the handsheets were 
transformed into gray scale images and data were collected using light intensity selection with 
146 to 255 intensity range (Figure 5.1).  Measurement of the number of TMP fibers in the 
tension break, using the fracture mode images (Figure 5.2), was performed with image 
transformation. The images were transformed using an edge finder function.  For the image 
analysis and data collection, Image-Pro plus software (Media Cybernetics – Ver. 5,0) was used  
 
 
(a)  (b) 
 
Figure 5.2. Photomicrographs of handsheet and fibers from failure section of the tensile strength 
test (a) Stage I. Original fracture image, and (b) Stage II. Image transformation. 
(Scale bar on each image represents 5 mm) 
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to collect quantitative measurements of porosity, porous (%), and number of fibers in the tensile 
failure section of the dog-bone samples. 
5.2.5. Tensile Strength 
Two hundred and sixteen dog-bone tensile samples were cut in a nominal dimension of 5 
× 0.8 × 0.01-inch with a neck width of 0.35-inch. Tensile strength properties were tested using 
an Instron 4465 mechanical testing machine at a crosshead speed of 0.05 in. min.-1 according to 
ASTM D638-03 (ASTM 2003).  At least 21 specimens were tested for each set of samples and 
the mean values as well as the standard deviations were calculated. 
5.2.6. Thermal Characteristics 
A DSC (Perkin-Elmer DSC 7) system was used to evaluate and confirm thermal 
characteristics of surface modified TMP fiber and PP laminates at levels of MA fraction.   
Thermal characteristics of glass transition (Tg), onset (Tom and Toc), and peak temperature (Tm and 
Tc) were determined by exothermic curves during the polymer melt and crystallization process 
based on ASTM E793-01 and E794-01 (ASTM 2001).  The CX  (Eq. 5.1) with PP and 4 levels of 
MA treated fiber combinations was used to calculate parameters of interest.  A heating rate of 5 
°C min-1 from -30 °C to 200 °C and a cooling rate of 5 °C min-1 from 200 °C to 50 °C for DSC 

















X                                  (5.1) 
 
Where: cX  = % of crystallinity 
 fH∆ = Heat of fusion from DSC 
 0
fH∆ = 100% Crystalline PP 




5.2.7. Fracture Surface 
Scanning electron microscopy (SEM: Hitachi S-3600N) observations of the fracture 
surfaces of MA-grafted TMP fiber handsheet and PP film laminates was used to study the MA 
treatment effect at the treated fiber and PP interfaces.  Mounted fibers were coated with an 
approximately 15-nanometer thin gold layer using an ion sputter (Technics Hummer V).  
Morphological characteristics were analyzed from photomicrographic images to study the fiber 
surface conditions.  Images were generated at 15 kV and 1,000x.   
5.3. Results and Discussion 
5.3.1. Porosity of Thermomechanical Pulp Fiber Handsheet 
Figure 5.3 shows the influence of a handsheet porosity and porous percentage on tensile 
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Figure 5.3. Test sample laminate conditions on the (a) tensile strength, (b) porosity, and (c) 
porous (The error bars represent one standard deviation). H60/50 (psi)=50 psi 























25 °C and 60 °C.   The handsheet porosity and porous percentage between the two temperature 
pressing conditions were statistically significant to each other.  The higher porosity and porous 
percentage lowered the tensile strength property of laminates.  However, the tensile strength 
properties of TPL poorly correlated to porosity and porous percentage.  The strength property 
pressed at 60 °C showed slightly higher mean values.  This result shows that the porosity effect 
was eliminated because the handsheets pressed at 100 psi were smoother and denser. 
5.3.2. Number of Fibers at the Fracture Surface 
Figure 5.4 shows the tensile strength properties of treated TMP fiber handsheets (MA and 
BPO ratio=2:1) and PP film laminates as a function of the number of fibers exposed on the 
fracture surface.  Prepressing handsheets at 60 °C provided a better correlation with the number 
of fibers and tensile strength properties (R2=0.92) while 25 °C prepressing condition yielded 
0.90.  This result shows the density and fiber to fiber stress transfer effects.  In general, the 
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Figure 5.4. Tensile strength of sample laminates as a function of the number of fibers exposed on 
the fracture surface. 
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due to the poor stress transfer at the material interface.  However, TMP fiber handsheet 
characteristic and fiber geometries such as fiber width, length, structure, and number of fibers 
contributed to the tensile strength enhancement of TPL (Michell et al. 1978, Thwe 2002, Bledzki 
and Faruk 2003, 2005). 
5.3.3. Effects of the Maleic Anhydride and Benzoyl Peroxide Ratios 
The effect of MA and BPO ratios on tensile strength properties of TMP fiber handsheet 
and PP laminates is shown in Figure 5.5.  TMP fibers treated with MA and BPO ratio 2:1 yielded 
the highest tensile strength properties.  Treatment effects of ratios 1:1 and 4:1 were less effective 
on the strength property enhancement than ratio 2:1.  The result clearly shows that the MA and 
BPO ratio 2:1 is an optimum condition for the TMP fiber treatment used in this experiment.  It 






















Figure 5.5. Effect of weight fractions between maleic anhydride (MA) and benzoyl peroxide 
(BPO) in toluene on tensile strength properties of thermomechanical pulp fiber 




5.3.4. Thermal Analysis 
The treatment effect of four levels of MA and BPO ratios on the thermal behavior is 
presented in Table 5.2.  The thermodynamic behavior of MA treated TMP fiber handsheets and 
PP film laminates on glass transition (Tg), onset (TO), and melting and crystallization peaks (Tm, 
TC) from the endothermic and exothermic curve did not influence behavior except for heat flow 
(∆H) and PP crystallinity ( CX ).  The ∆H and CX  decreased with increased MA and BPO ratios.  
The ratio 4:1 showed slightly different thermal quantities and resulted in poor strength 
performance due to the excessive copolymer loading effects.  In general, this result indicates that 
introducing TMP fiber to the PP matrix improves the semicrystalline polymer nucleation and 
crystallization and appears to confirm the work of Joseph et al. (2003) and Lee et al. (2006). 
 
Table 5.2. Thermodynamic quantities of maleic anhydride treated thermomechanical pulp fiber 
handsheets laminated with polypropylene film. 

















CX   
(%) 
0:0 0.89 -21.5 153 162 62.4 121 117 103.5 50.0 
1:1 0.95 -21.8 153 162 61.7 121 117 98.6 47.6 
2:1 1.00 -21.6 153 162 55.9 121 118 91.1 44.0 
4:1 0.72 -22.4 152 161 56.4 122 118 94.9 45.8 
Note: MA=Maleic anhydride, BPO=Benzoyl peroxide. 
 
5.3.5. Scanning Electron Microscopy 
Fracture surfaces of MA treated TMP fiber handsheets and PP film laminates show the 
effectiveness of MA loading at the TMP fibers and PP interface (Figure 5.6).  The failure mode 
of MA loading levels under tension differed substantially from each other.  Untreated samples 
show that the fiber was pulled out without surface damage and the brittle wood fiber failure 
mode was hardly observed in the tensile tests.  The PP matrix showed evidence of interfacial 
isolation between the TMP fiber and PP.  However, improved interfacial adhesion in the case of 
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MA treated laminates also evidenced apparent TMP fiber and PP matrix failure.  TMP fibers 
failed in a brittle mode, and the PP matrix remained on the TMP fiber surface.  The PP failure 
also indicates that the properties of PP may have changed due to the MA treatment on the TMP 
fiber surface.  The improved interfacial interaction is due to the coupling agent acting as a true 
bridge polymer at the interface and led to additional fiber interlocking from the melting and 
flowing characteristics of the thermoplastics on the surface of TMP fibers. 
 
  
(a)            (b)  
 
  
(c)           (d)  
 
Figure 5.6. Scanning electron microscopy micrographs of fracture surfaces of wood fiber 
handsheet and polypropylene laminates; maleic anhydride grafted thermomechanical 
pulp fiber handsheets. (a) Untreated, (b) MA:BPO = 1:1, (c) MA:BPO = 2:1, and (d) 




MALEATED POLYPROPYLENE FILM AND WOOD FIBER HANDSHEET LAMINATES 
 
6.1. Introduction  
Anhydride-based compatibilizers at the hydrophilic wood fiber and hydrophobic PP 
interface are of growing interest to increase interfacial adhesion.  Anhydride compounds can 
react with wood fibers to form ester linkages with the hydroxyl groups of the wood fiber, thus 
providing the fiber surfaces a certain degree of hydrophobicity, depending on the composition of 
the anhydrides (Oever and Peijs 1998, Simonsen et al. 1998, Dale Ellis and O’Dell 1999).  
Among anhydride coupling agents, maleic anhydride (MA) as a copolymer has improved the 
mechanical properties of wood fiber-thermoplastic composites (WPC) (Maldas and Kokta 1991a, 
Lia et al. 2001, Machadoa et al. 2001, Keener et al. 2004).  Considerable research has been 
directed toward promoting interfacial interactions between polymer matrixes and wood fiber 
surfaces (Bledzki et al. 1998, Sain and Kokta 1994, Felix and Gatenholm 1993, Maldas and 
Kokta 1993, Gauthier et al 1995, Lu et al. 2004).  However, the treatment effects on the 
interfacial strength properties of WPC varied with the different fiber sources and polymer types.  
The use of MA to graft the surface of wood fiber and polyolefins was explored as a 
technique to improve the physicochemical properties of thermoplastics (polypropylene; PP, 
polyethylene; PE, polystyrene; PS and polyvinylchloride; PVC) (Trivedi and Culbertson 1982, 
Bratawinjaja and Gitopadmoyo 1989).  The grafting of MA on plastics can be carried out under a 
variety of conditions.  The most frequently used technique for WPC is free radical initiation 
reactions (Minisini and Tsobnang 2005).  When the MA reacts with the thermoplastic polymers, 
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the C=C bond may break and new C-C bond or bonds are formed between the MA residue and 
the backbone of the plastics.  The reaction scheme is shown in Figure 1.2.  
The concentration of MA and the initiators type and amount have a great influence on the 
efficiency of MA-polymer treatment of PP and fibers.  Initiators, such as benzoyl peroxide 
(BPO; Maldas and Kokta 1990a, Lu et al. 1998, Lu et al. 2004), dicumyl peroxide (DCP; Collier 
et al. 1996), tert-butyl peroxy benzonate (TBPB; Takase and Shiraishi 1989), have been used as 
an initiator for MA grafting on the polymer backbone.  The DCP was more effective than BPO to 
treat wood fibers with MA-polymer (PS or HDPE) (Maldas and Kokta 1991a).  The properties 
improved along with the rise in concentration of MA and initiators up to 3% MA and 0.5% 
initiators, and then decreased at higher concentrations (Maldas and Kokta 1991a, b).  The extent 
of improvement also depended on the type of polymer matrixes. 
The mechanical properties of these plastics generally decrease after MA grafting (Takase 
and Shiraishi 1989, Collier et al. 1996) due to the chain scission during the maleation process 
that results in decreased average molecular weight (Mohanakrishnan et al. 1993), the presence of 
non-reacting MA (Maldas and Kokta 1990a), and the decrease in crystallization degree in the 
case of crystalizable polymers.  However, the mechanical properties of composites with the 
modified plastics were enhanced as the matrix or part of the matrix, owing to the improvement of 
interfacial adhesion (Fernanda et al. 1997, Caulfield et al. 1999).  Tensile strength of WPC was 
improved 20-30% over the untreated PP-based composites (Mohannakrishnan et al. 1993).  
However, tensile modulus decreased 20-30%.  Further increase in mechanical properties of WPC 
was also obtained using MA modified PP (Takase and Shiraishi 1989). 
The MA grafted on the backbone of synthetic polymers such as PE and PP has been 
proven to form either covalent ester or hydrogen bonds when reacting with hydroxyl groups at 
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the cellulose surface.  The presence of anhydride groups was confirmed by IR spectrum.  The 
formation of ester bonds between cellulose backbone and MA grafted polyolefins has been 
confirmed by fourier-transform infrared (FTIR) spectroscopy with the appearance or increase in 
the intensity of the absorption bands near 1720 cm-1, which is characteristic of ester bonds 
(Clemons et al.1992, Kazayawoko et al. 1997a, Pandey 1999, Chun et al.2002).  Incompatibility 
between the wood fiber surface and PP interface resulted in lower interfacial strength.  Interfacial 
failure occurred as the PP matrix began to draw, which produced voids and cracks (Beshay and 
Hoa 1990, Angles et al. 1999, Alexy et al. 2000, Amash and Zugenmaier 2000, Bledzki et al. 
2005).   
In light of the aforementioned research, this study was conducted to elucidate the 
interfacial interaction between maleated PP film and wood fiber handsheet laminates.  Using 
TMP fibers, the effect of MA concentrations and grafted levels of MA and BPO on PP film on  
fracture characteristics, thermal behavior, and mechanical properties of TMP fiber handsheet and 
PP film laminates (TPL) was studied. Quantitative techniques were developed for measuring the 
effect of interfacial bonding by microscopic examination of tensile tests of the laminates. 
6.2. Materials and Methods  
6.2.1. Materials  
Thermomechanical pulp (TMP) fibers used were loblolly pine (Pinus taeda L.) chips 
which were converted into coarse TMP at the Bio Composites center, University of Wales, 
Bangor, Wales, UK at a steam pressure of 8 bars.  Some of the TMP fibers were used for 
previous experiments (Lee 2002).  The moisture content for the fibers used for this study was 
8.2%.  Maleic anhydride (Huntman Chemical Co., Chesterfield, MO) used as a modifying agent 
had a purity of > 99 % and a melting point of 52ºC.  Benzoyl peroxide (Benox® A-80; NORAC, 
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Inc., Azusa, CA), as an initiate for MA reaction on the PP film surface, contained 20% water and 
5.1% active oxygen. Toluene (Fisher Scientific Inc., Pittsburgh, PA) was used as a reagent. A PP 
film (Plastic Suppliers, Inc., Columbus, OH) was used to make TPL. 
6.2.2. Polypropylene Film Modification and Laminate Fabrication 
The PP film modification with MA was accomplished by a soaking method involving the 
7 × 12 inch2 film sheets in a MA/BPO solution diluted in toluene.  Treatment solutions were 
formulated based on the weight fraction of MA/BPO in toluene.  Toluene (1L) was heated to 100 
°C and 12.5, 25, and 50 grams of MA and 12.5 grams BPO were dilution ratios.  PP films were 
soaked in 2L of solution for 5 minutes.  The treated PP films removed from the solution and 
dried at room temperature.  
A total of 22 handsheets measuring 12 × 12 inch2 were made with 10 grams (OD wt.) of 
TMP fibers and press-dried at 60 °C with 50 psi pressure.  Handsheets were cut into 6 × 7 inches 
of 34 sheets and stored in a vacuum dessicator. Thus, two experiment designs of 2 (dry 
conditions) × 3 (film locations) × 4 (replications) to characterize the effect of fibers in the web 
and 3 (MA treatment conditions) × 3 (replications) for the ratio effect were used.  The TPL 
(50/50% weight fraction of TMP/PP) were pressed between hot plates at 100 psi pressures for 
three minutes and 400 ºF to reach the flow point of the PP film.  Tensile strengths were measured 
for pressing conditions which were measured for pressing conditions of PP film on bothsides, the 
top side only and the bottom side only.    
6.2.3. Tensile Strength Properties and Image Analysis 
 
Two hundred-sixteen dog-bone tensile samples were cut with nominal dimension of 5 × 
0.8 × 0.01-inch3 with a neck width of 0.35 inch. Tensile properties were tested using an Instron 




(a)  (b) 
 
Figure 6.1. Photomicrographs of failure sections from the tensile strength test (a) Stage I. 
Original fracture image, and (b) Stage II. Image transformation. (Scale bar on each 
image represents 5 mm).  
 
D638-03 (ASTM 2003).  At least 7 specimens were tested for each TPL and the means and the 
standard deviations were calculated.  Failure sections of the dog-bone samples were viewed 
using light microscopy to generate failure section images using a Spot RT camera.  The images 
were further processed using Image Pro Plus software (V 4.5) with a simple intensity range to 
count the number of TMP fibers at the fracture surface of the tensile test samples.  In short, the 
data collection process included (1) generating original fracture images, (2) transforming images 
using “Edge Finder Function” to make the edges clear, and (3) collecting the number of fibers of 
exposed fibers (Figure 6.1). 
6.2.4. Analysis for Grafting Effects 
 A confirmation of MA interaction between the TMP fiber and MA grafted PP matrix was 
determined by use of the FTIR (NEXUSTM 670 FTIR E.S.P.; Thermo Nicolet).  The FTIR is 
equipped with “Smart Golden Gate” and mid- range (4000- 650cm-1) capabilities.  The data 
acquisition software was OMNIC 5.2.  Treated PP films were scanned at the mid-IR range to 
study the multi-functional monomer retention on the surface of PP films. Most of the grafted MA 
on the films showed a cyclic form with a peak from 1690 to 1760 cm-1, which should be assigned 
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to the carboxylic acid of cyclic anhydride with broad band width. The benzoyl peroxide peak was 
expected to appear from 675 to 760 cm-1.  
Thermal characteristics of the surface-polymer interphase were evaluated using a DSC 
(Perkin-Elmer DSC 7) system to confirm PP melt flow and crystallization parameters in the 
presence of different levels of MA treatment. Thermal characteristics of To and Tc were 
determined by exothermic curves during the polymer crystallization process from the melt, based 
on ASTM E793-01 and E794-01 (ASTM 2001). A heating rate of 5 °C min-1. from -30 °C to 200 
°C and a cooling rate of 5 °C min-1. from 200 °C to 50 °C for DSC samples were used for this 
study. The CX  (Eq. 6.1) with levels of MA treatment on PP surface and TMP fiber combinations 
















X                 (6.1) 
Where: cX  = % of crystallinity 
 fH∆ = Heat of fusion from DSC 
 0
fH∆ = 100% Crystalline PP 
 w  = Mass fraction of PP 
 
 
Morphological observations on the fracture surfaces of the tensile test specimens were 
sputtered coated with gold and observed using a scanning electron microscope (SEM: Hitachi S-
3600N) at 15 kV and 1,000x.  The fracture surfaces of the TMP fiber handsheets and MA grafted 
PP film laminates were studied to confirm the MA treatment effect at the TMP fiber and MA 
grafted PP interface.  Mounted fracture sections were coated with an approximately 15-nm thin 




6.3 Results and Remarks  
6.3.1. Number of Fibers at Fracture Surface 
Figure 6.2 shows tensile strength of TPL as a function of the number of fibers exposed at 
the fracture surface of the tensile test specimens for each experimental condition of PP film 
loading and handsheet drying.  The PP film loading conditions were on the top, bottom, and both 
sides of the TMP fiber handsheets with its 50% weight.  The two handsheet drying conditions 
were air dried at 22 °C and oven dried at 60 °C with 50 psi press loading.  The laminates were 
fabricated using treated PP film sheets with a MA and BPO ratio of 2:1.  The PP film sheets 
loaded on both sides provided an uniform and greater volume of PP melt flow into the TMP 
handsheets compared to the other two pressing conditions.  The uniform melt flow resulted in 
higher correlation between the number of fibers in the web and tensile strength.  This result was 
observed for both handsheet drying conditions.  The R2 values for loading on both sides were 
0.95 for air-dry and 0.94 from oven-dry.  This result shows that the greater volume of melt flow 
characteristics of the thermoplastic matrix resulted in a better fiber reinforced composite 
materials than the other two hot pressing conditions. Further, it shows the effect of gravity (PP 
film on the top side) improves the melt flow of PP.  Additionally, the results show that the 
technique of counting the numbers of TMP fibers at the tension failure provides a sensitive 
measure of wood fiber-PP interfacial bonding. 
6.3.2. Effects of the Maleic Anhydride and Benzoyl Peroxide Ratios 
MA and BPO ratios on tensile strength properties of TMP fiber handsheet and MA 
treated PP film laminates are shown in Figure 6.3.  It is obvious that MA is generally an effective 
modifier in increasing the tensile strength regardless of the levels of MA and BPO ratios used. 
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Figure 6.2. Tensile strength of laminates as a function of the number of fibers shown at the 
tension break with two handsheet press drying conditions of (a) air-dry at 22 °C and 


























Figure 6.3. Tensile strength properties of maleic anhydride grafted polypropylene film laminated 
with thermomechanical pulp fiber handsheets. (The error bars represent one standard 
deviation). 
 
was 76 % greater than the untreated laminates.  It is well known that addition of MA to wood 
fiber and PP composites increases the tensile properties of the composites (Sain et al. 1994, Wua 
et al. 2001a, b, Thwe and Liao 2002).  Although all treatments were significantly better than no 
treatment, there was no statistically significant difference among the tensile test samples of the 
MA loadings on the tensile strength of TPL witch proved that counting the number of fibers at 
the tensile break is a better method of measuring the effect of MA grafting at the TMP fiber and 
PP interface.   
6.3.3. Fourier-Transform Infrared Spectroscopy (FTIR) 
Absorbance of FTIR spectra from the MA modified PP film with BPO as a catalyzer is 
shown in Figure 6.4.  In the cases of the MA grafted PP, absorption bands at 1714 and 702 cm-1 
were observed, which can be assigned to the absorption of the carboxylic acid (C=O) of 
anhydride in a cyclic form.  The absorptions from 2850 to 2970 cm-1 and from 1350 to 1480 cm-1 
represent the characteristic absorption of the PP skeleton.  The absorption band at 702 cm-1 also 
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indicates evidence of BPO on the PP film.  Therefore, the absorption bands at 1714 and 702 cm-1 
were assigned MA loading on the wood fiber and PP film.  When using MA, BPO, and toluene 
to treat PP film, the MA and BPO ratios of two-to-one appeared to be an optimum ratio with an 
evidence of a strong, sharp, and well-defined absorption band near 1714 cm-1 from the digital 
subtraction spectra of the treated and untreated PP films.  The number of anhydride groups 














Figure 6.4. Absorbance of fourier-transform infrared spectroscopy spectra from maleic anhydride 
modified polypropylene film with benzoyl peroxide as a catalyzer. (MA=Maleic 
anhydride, BPO=Benzoyl peroxide). 
 
6.3.4. Thermal Analysis 
Table 6.1 shows the treatment effect of four levels of MA and BPO on the thermal 
behavior of MA treated PP film surfaces.  The thermodynamic behaviors of TMP fiber handsheet 







and crystallization peaks (Tm, TC) and crystallinity ( CX ) from the endothermic and exothermic 
curve are presented.  The thermal quantities of Tg, TO, and Tm from the endothermic curve 
generally decreased with increased MA and BPO ratios.  The ratio 4:1 showed an initial increase 
although the thermal quantity was lower than untreated PP films.  In contrast, the quantities of TO 
and Tm decreased in the endothermic curve but increased in the exothermic curve.  This result 
indicates that introducing MA into the PP matrix may alter the PP nucleation ability and lead to a 
decrease in the thermal quantities.  The ∆H and CX of the treated PP films also decreased with 
MA treatment ratios of 1:1 and 4:1. The table shows that the ratio 2:1 may be the optimum 
treatment condition used in this experiment, but no definite conclusions can be drawn.  
 
Table 6.1. Thermodynamic quantities of maleic anhydride treated polypropylene films laminated 
with wood fiber handsheets. 






























0:0 0.89 -21.5 153 162 62.4 121 117 103.5 50.0 
1:1 0.88 -22.1 150 157 48.6 130 122 91.7 44.3 
2:1 0.76 -22.5 150 157 64.4 123 118 106.1 51.2 
4:1 0.79 -22.3 152 160 57.4 126 120 93.1 44.9 
Note: MA=Maleic anhydride, BPO=Benzoyl peroxide. 
 
6.3.5. Fracture Surface 
Fracture mode differences from tensile samples of TMP fiber handsheets and MA treated 
PP film laminates are presented in Figure 6.5.  The figure compares the untreated and MA and 
BPO (2:1) treated dog-bone samples.  Untreated samples showed that the TMP fiber pulled out 
from the PP matrix due to the weak interfacial interaction at the TMP fiber and PP interface.  
This result led to poor tensile strength performance.  However, the fibers in the treated samples 
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were broken and fewer fibers were pulled out from the PP matrix.  The broken fibers indicate 
that there was a strong interaction at the TMP fiber and PP interface resulting from MA loading 
on the PP film surface.  There was no difference found in the fracture mode of the modified 
laminates from the images generated from an edge finder function of the image analysis system. 
 
  
(a)      (b) 
 
Figure 6.5. Fracture surface from tensile strength test of thermomechanical pulp fiber handsheet 
and maleic anhydride treated polypropylene film laminates. (a) Untreated and (b) 
MA:BPO = 2:1. 
 
SEM micrographs of the fracture surfaces of TMP fiber handsheet and MA treated PP 
film laminates showed the effectiveness of MA loading on the PP film surface (Figure 6.6).   
The failure mode of MA loading levels under tension load slightly differed from each other.  
Untreated samples showed evidence of interfacial isolation between TMP fiber and the PP 
matrix.  It was also observed that the fibers pulled out without surface damage and the samples 
failed in a brittle wood fiber failure mode due to the possible thermal degradation of the cellulose 
in the fibers.  However, improved interfacial adhesion of MA treated PP laminates was observed 
in the micrographs.  The PP matrix held the TMP fiber surface without interfacial failure. The 
failure of both TMP fiber and the PP matrix was in a brittle mode due to the improved interfacial 
interaction at the TMP fiber and PP interface.  Therefore, the interfacial bond between the PP 
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and TMP fiber surface was strong and resulted in fracture of the TMP fibers rather than being 
pulled out of the matrix.  Additionally, it should be noted that the PP melt flow into the lumen 
structure of the TMP fibers was observed in only a few specimens. 
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(c)            (d)  
 
Figure 6.6. Scanning electron microscopy micrographs of fracture surfaces of wood fiber 
handsheet and polypropylene laminates; polypropylene film grafted with maleic 










THERMOSETS AS COMPATIBILIZERS AT THE POLYPROPYLENE FILM AND 
THERMOMECHANICAL PULP FIBER INTERFACE 
 
7.1. Introduction 
Thermosets have a wide range of applications for the bio-based composites with 
extensive compatibility with hydrophilic substrates.  Due to the lack of polar groups in the 
polypropylene (PP), thermoset compatibility to thermoplastics resins generally is very poor and 
has resulted in few applications in the field of wood fiber-plastic composites (WPC).  Yet the 
selective addition of thermosets to wood and wood fiber can yield a wide variation in the 
mechanical and physical properties of WPC regardless of limitations due to the inherent 
incompatibility at the interface and differences in the thermal histories (Bliznakov et al. 2000, 
Marcovich et al. 2001).  Therefore, most investigations have focused on the thermoset 
application at the wood fiber and thermoplastic interface (Frontini et al. 1993, Park et al. 1998). 
Relatively few studies have been made to combine PP with thermosets such as UF (urea 
formaldehyde) (Khan and Idriss Ali 1992, Bliznakov et al. 2000), PF (phenol formaldehyde) 
(Chiang et al. 1994, Larson Bǿrve et al. 2000), epoxy resin (Sain and Kokta 1993, Colombini et 
al.1999), polyester (Marcovich et al. 2001), and isocyanate (Parida et al. 1995, Neff et al. 1998, 
Pittman Jr. et al. 2000, Chiou and Schoen 2002).  The thermosets can be used as compatibilizers 
to coat the surface of wood fibers and increase interfacial adhesion at the wood fiber and 
polyolefin interphase, but they may be less effective to enhance WPC properties (Queiroz and 
Pinho 2002).  However, the thermosets combined with heat conditioning and ionomer treatment 
have been shown to enhance interfacial strength properties due to the increased interaction 
 
 77
between the two materials (Spirkova et al. 1993, Chuang and Maciel 1994, Teo et al. 1997, Dale-
Ellis and O’Dell 1999, Sakai et al. 1999).    
The extrusion originally was used to produce WPC in a continuous process from a 
material inlet to the cooling system (Clemons 2002).  When the thermosets are applied into the 
process, the process faces various problems due to the cure of the thermosets before the 
thermoplastic reaches its melting point.  However, it is proposed that this problem does virtually 
not exist when wood fiber handsheets are laminated with PP film.  The thermoset loading can 
also add strength to the handsheet and improve tensile strength properties of TMP fiber 
handsheets and PP film laminates (TPL). In this study, investigation focused on the loading 
effects of thermosets such as UF and PF on the tensile strength properties of TPL as well as 
factors related to handsheet preparation and evaluation technologies for quantizing the 
improvements in strength properties for the laminates.  
7.2 Materials and Methods  
7.2.1. Materials 
 Thermomechanical pulp (TMP) fibers of loblolly pine (Pinus taeda L.) were processed 
at 8 bar pressure and contained 8.2% moisture content.  A PP film (Plastic Suppliers, Inc., 
Columbus, OH) was used for TPL.  Two thermosets - urea formaldehyde (UF; Dynea Inc., 
Chembond YTT-063-02, 60% solid content) and phenol formaldehyde (PF: Dynea 13B410, 
100 cps, Sp. Gr.: 1.202, 52% solid content)- were used as compatibilizers.  
7.2.2. Experimental 
A total of 27 handsheets was formed in 12 x 12 inch with 10 grams (OD wt.) TMP fibers 
and dried at 60 °C with 50 psi pressure for 72 hours.  Handsheets were cut into 5 x 6 inch and 
stored in a vacuum dessicator.  UF and PF were sprayed on the surface of the TMP fiber 
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handsheets at three weight fraction levels of 1%, 3%, and 5%.  The PF or UF loaded TPL 
(50/50% weight fraction) were pressed at 100 psi for three minutes with 350 and 400 ºF. 
Tensile strength properties were tested using an Instron 4465 mechanical testing machine 
at a crosshead speed of 0.05 in. min.-1 according to ASTM D638-03 (ASTM 2003).  Two 
hundred-sixteen dog-bone tensile samples were cut in a nominal dimension of 5 × 0.8 × 0.01-
inch with a neck width of 0.35 inch.  At least 21 specimens were tested for each set of samples 
and the mean values as well as the standard deviations were calculated. 
A DSC (Perkin-Elmer DSC 7) system was used to evaluate and confirm thermal 
characteristics of UF and PF-loaded TPL.  Thermal characteristics of glass transition (Tg), onset 
(Tom and Toc), and peak temperature (Tm and Tc) were determined by exothermic and endothermic 
curves during the polymer melt and crystallization process based on ASTM E793-01 and E794-














X ) with three levels of UF and 
PF loaded fiber combinations were used to calculate CX .   The fH∆  is the heat of fusion from 
DSC and 0fH∆ (= 207.14 J g
-1) is 100% pure crystalline PP.  The mass fraction of PP from the 
laminates is w .  A heating rate of 5 °C min-1 from -30 °C to 200 °C and a cooling rate of 5 °C 
min-1 from 200 °C to 50 °C for DSC samples were applied for this study.  
Morphological characteristics of the fracture surfaces of UF and PF loaded TPL were 
observed by using scanning electron microscopy (SEM; S-3600N) to confirm the loading effect 
at the TMP fiber and PP interface.  Mounted laminates were coated with an approximately 15-
nanometer thin gold layer using an ion sputter apparatus (Technics Hummer V).  Images were 




7.3. Results and Discussion 
7.3.1. Tensile Strength Properties 
The effect of the method used for thermoset loading and the two pressing conditions on 
the tensile strength of PF loaded TPL is shown in Figure 7.1.  Phenol formaldehyde resin was 
loaded on the TMP fiber surface in two ways in the wet and dry fiber conditions.  Five percent 
PF (solid basis) was added to the TMP fiber slurry for the wet loading.  For the dry loading, an 
equal amount of PF was sprayed on the surface of TMP fiber handsheets.  In general, the dry 
condition increased the strength properties regardless of the pressing temperatures of 350 ºF for 
PF resin and 400 ºF for PP melt flow.  PF sprayed on the dry handsheet and pressed at 400 ºF 
resulted in the highest tensile strength properties of laminates due to PP melt flow on the fiber 
surface.  The tensile strength was increased by 63% over the control samples.  This result clearly 
related to the penetration of low-molecular weight fractions of the PF resin into the wood fiber 
structure as well as to the gross capillary openings in the fiber mat, leaving less PF on the surface 
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Figure 7.1. Tensile strength of phenol-formaldehyde resin as a compatibilizer at the 
thermomechanical pulp fiber and polypropylene interface as a function of phenol-














































Figure 7.2. Preconditioning effect of handsheets on the tensile strength of laminates with sprayed 
thermosets as compatibilizers. UF=Urea-formaldehyde, PF= Phenol-formaldehyde, 
HOD=Handsheet with oven-dry, and HAD=Handsheet with air-dry. 
 
The handsheet drying conditions also influenced the strength properties of laminates 
(Figure 7.2).  Applying the thermoset on the surface of TMP fiber handsheets, tensile strength 
properties were increased 92% with UF and 88% with PF for the oven dried conditions over 
oven-dried untreated samples.  In both cases, the result reflects the fact that the OD handsheets 
absorbed more water from the resins than did the air-dried specimens because the molecular 
weight and viscosity of UF which were relatively higher than PF.  Thus, moisture content of the 
handsheet influenced the tensile strength of TPL, when the UF and PF resin used in this study 
were promoted to enhance interfacial bonding with PP film laminates. 
Figure 7.3 shows tensile strength properties of laminates when 5% UF and PF were 
applied to one side of the TMP fiber handsheets or PP film as compatibilizers. The data collected 






























Figure 7.3. The effect on tensile strength of 5% thermosets when applied on a single side of 
thermomechanical pulp fiber handsheets or polypropylene film. UF=Urea-
formaldehyde and PF=Phenol-formaldehyde. 
 
handsheet.  Confirming the results shown in Figure 7.2, the UF applied on the handsheet surfaces 
yielded slightly higher tensile strength properties than PF resin. The strength property 
enhancement (92% over untreated) significantly differed to the PF and UF applied on the PP film 
surface.  But the tensile strength values between resin types were not statistically significant.  
This result indicates that the PF penetrated relatively faster into the handsheets than UF and 
provided a relatively lower holding strength to the TMP fiber handsheet (Hwang 1998). 
Thermoset loading on the handsheet surfaces provided strength enhancement for TLP. 
Furthermore, the tensile strength properties of UF and PF loaded laminates were significantly 
different compared with unloaded laminates. 
The effect of the levels of application of UF and PF resin to TMP fiber handsheets is 
shown in Figure 7.4.   It shows how three levels (1, 3, and 5%) of thermoset adhesives used as 
compatibilizers at the TMP fiber and PP interface improved tensile strength properties of the 
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laminates compared with the untreated specimens.  The investigation showed that the strength 
properties of both resin types improved with increased resin content on the surface of the 
handsheets with the PF resin being more influenced by the treatment level than the UF.  Thus, 
UF generally was more compatible at the TMP fiber and PP interface, confirming the 
observation made earlier.  It is obvious that both thermosets positively influenced the tensile 
























Figure 7.4. The effect of thermoset levels on tensile strength at the thermomechanical pulp fiber 
and polypropylene interface. UF=Urea-formaldehyde and PF=Phenol-formaldehyde. 
(The error bars represent one standard deviation). 
 
7.3.2. Thermal Analysis 
The thermodynamic quantities of the resins sprayed on the TMP fiber handsheets 
laminated with PP film are summarized in Table 7.1.  Treatment effect at three levels of each 
thermoset resin on the thermal behavior was pronounced with percentages of PP crystallinity 
( CX ).   The CX  of both resin types, generally, increased the tensile strength with the exception  
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Table 7.1. Thermodynamic quantities of urea-formaldehyde and phenol-formaldehyde sprayed 
on thermomechanical pulp fiber handsheets laminated with polypropylene film. 


























CX   
 
(%) 
Control 0.89 -21.5 153 162 62.4 121 117 103 50.0 
1% 1.05 -23.8 154 163 61.8 122 118 106 51.2 
3% 1.09 -24.4 154 163 63.6 122 118 111 53.7 
UF 
5% 1.10 -24.4 154 163 64.4 122 118 108 52.1 
1% 1.01 -24.4 154 163 58.9 122 118 100 48.1 
3% 1.09 -24.5 154 163 60.7 122 118 110 53.1 
PF 
5% 1.08 -24.6 153 163 71.2 122 118 111 53.8 
Note : UF=Urea-formaldehyde, PF=Phenol-formaldehyde. 
 
of 1 % PF loading which had a high standard deviation (Figure 7.4).  This result is conclusively 
confirmed by the heat flow (∆H) from both the endothermic and exothermic curves.  It shows 
that higher levels of resin application improved resin penetration into the fiber network.  Thus, 
the reinforced fiber network obtained the inherent tensile properties of the fibers which improved 
the tensile strength properties of the laminates.  The thermodynamic quantities of thermoset 
loaded laminates showed that onset (TO), melting (Tm) and crystallization peaks (TC) from the 
endothermic and exothermic curves were increased with additional thermoset put into the 
handsheets compared to pure PP.  However, the glass transition (Tg) was decreased with an 
increased in resin content.  This result indicates that the thermoset may provide interfacial 
interaction at the TMP fiber surface and PP matrix and yield increased PP crystallinity. 
7.3.3. Fracture Surface 
Figure 7.5 shows SEM micrographs of the fracture surface of TPL which were loaded 
with UF and PF.  The fracture surface of unloaded laminates showed that TMP fibers were 
pulled out without surface damage and fiber failure and could not improve significantly in tensile 









Figure 7.5. Scanning electron microscopy micrographs of fracture surfaces of phenol-
formaldehyde (PF) and urea-formaldehyde (UF) sprayed on wood fiber handsheets 
and polypropylene laminates; (a) Untreated, (b) PF sprayed, and (c) UF sprayed. 
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improved as indicated by the brittle failure of the laminates.  The PP matrix also covered fiber 
surfaces in both resin micrographs (Figure 7.5b and c).  This result clearly shows that the 
thermoset adhesive provided interaction at the fiber surface and PP interface as well as added 
handsheet strength.  Additionally, there were slight differences on the PP failure between applied 
resins. The PF loading micrograph (Figure 7.5b) showed that PP failure was mixed with brittle 























HETEROGENEOUS NUCLEATION OF A SEMICRYSTALLINE POLYMER ON THE 
SURFACE OF WOOD FIBERS 
 
8.1. Introduction 
The occurrence of an extended source of nuclei confined on the wood fiber surface is 
known as crystallization.  Various aspects of transcrystallinity have been examined on the 
mechanical properties of fiber-reinforced semicrystalline polymer composites, which were 
affected by transcrystallinity more than by crystal growth in the bulk (Sharples 1966, Chang 
1977, Hsiao and Chen 1990, Quillin et al. 1993, Ebengou 1997, Lin and Du 1999).  However, the 
current detailed understanding of the nucleation mechanism on the wood fiber surface remains 
uncertain and is insufficient to explain material functionality on the interfacial phenomenon of 
matrix materials. 
Previous researchers have proposed concepts for increasing nucleation efficiency by 
modifying or controlling the polymer matrix and surface characteristics such as copolymers, 
additives, chemical composition, surface roughness, and surface free energy (Gray 1974, Liu et 
al. 1994, Lee 2002).  However, increased surface free energy was unlikely to influence 
nucleation and affect the ability to induce transcrystallization on the fiber surface because the 
transcrystalline layer (TCL) was generated on the fiber surface regardless of whether or not the 
surface free energy was changed by the surface modification (Westerlind 1988, Hsiao and Chen 
1990, Mahlberg et al. 1998). Wang and Hwang (1996a, b) found that a thicker TCL formed at 
higher temperatures, and larger residual stresses at the interface indicate an important role on the 
mechanical strength.  Yin et al. (1999) found that the nucleation density with addition of MAPP 
up to 10 % was significantly increased, and a sufficient amount of nuclei on a single wood fiber 
 
 87
induced transcrystallization around the wood fiber.  The nucleation ability of semicrystalline 
polymers was also related to chemical containment and topography of the fiber surface during 
the nucleation process of thermoplastic polymers (Wang and Harrison 1994). Furthermore, 
transcrystallization was easily induced on the exposed surfaces of the pure cellulose surfaces of 
cotton and purified wood fibers (Gray 1974). 
In the acid-base theory, hydrogen bonding is the main form of bonding at a polymer 
interface with hydroxyl group rich surfaces.  The theory is based upon interaction energies that 
are dependent on the acidity of the hydrogen donor and the hydrogen acceptor.  Acid-base 
interactions cover any interaction that involves the sharing of an electron pair, particularly 
hydrogen bonding.  In the case of cellulose, the acid-base interactions can be described as 
predominantly hydrogen bonding with surfaces dominated by hydroxyl groups.  Interfacial 
energy and internal bond measurements indicate a strong correlation between the hydroxyl-rich 
(acid-base) interface and good adhesive properties (Jensen 1978, Pizzi 1994).  Fowkes (1987) 
showed that the advantage of interfacial acid-base bonding is the predictable enhancement of 
interfacial interactions. 
  Attractive forces are usually insufficient for strong bonding when the molecules are 
small, but the attractive forces become stronger with larger molecules.  The strong bonding 
forces exist between molecules when their distance of separation is closer than 9Å (Chung 1991).  
The classical theory of polymer nucleation is based on changes in the overall excess free energy 
( G∆ ) between particles on a foreign body and semicrystalline matrix.  Gibbs free energy is also 
influenced by intimate molecular contact, volume of the matrix, and size of the nucleus.  
However, most of the nucleation is heterogeneously induced by particles on the surface of 
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materials rather than by a spontaneously induction of nucleation known as homogeneous 
nucleation (Mullin 1993). 
υπγπ GrrGGG VS ∆+=∆+∆=∆
32
3
44          (8.1) 
G∆  (Equation 8.1) is generally combined with two quantities of positive (Surface free energy; 
SG∆ ) and negative (Volume free energy; VG∆ ).  In the Gibbs free energy equation, the Cγ  is 
known as critical free energy ( CritG∆ ).  Set 0=∆ dr
Gd  for the differential calculation of Eq. 8.1; 
048 2 =∆+=∆ υπγπ Grrdr
Gd
    (8.2) 
therefore, the radius of a critical nucleus is given by 
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=∆ υ ),  
*T  is solid liquid equilibrium 
temperature, fH∆ is the latent heat of fusion and TTT −=∆ *  is supercooling.  The Gibbs 
free energy at the Cγ  is called a critical free energy ( CritG∆ ).  However, the heterogeneous 
nucleation on the wood surface differs from the homogeneous nucleation because of differences 
in nucleus sizes ( Cγ ).  The differences are also associated with the critical free energy ( CritG∆ ).  
Therefore, the heterogeneous nucleation has less unity than homogeneous nucleation. The unity 
can be expressed with a correlation between two G∆ s (Eq. 8.4). 
CritCrit GG ∆=∆ φ
/




This factor highly correlates with interfacial tensions at the boundaries of crystalline 
deposit, amorphous region, and foreign surface. The contact angle (θ ) between a crystalline 
deposit and a wood fiber surface can be generated to calculate the unity factor. The factor 
equation is: 
4







=  (0 < θ  <180)              (8.5) 
Thus, the objectives for this study were to determine interaction mechanisms at nucleation sites 
on fiber surfaces and investigate the effect of increased hydrophobicity of the fiber surface on the 
PP matrix. This study also provides factors from the quantitative measurements of crystalline 
deposit angles and h/E ratios of the crystal deposit system on the fiber surface.  Accordingly, six 
fiber types and three surface treatment conditions were used for a set of the two factor 
experimental design with a thermoplastic type. 
8.2. Materials and Methods 
8.2.1. Materials and Surface Conditioning 
A total of six fiber types [8 bar thermomechanical pulp; TMP, refined mechanical pulp; 
RMP, commercial thermomechanical pulp; TMP (C), bleached Kraft pulp; BKP, unbleached 
Kraft pulp; UNP, and carbon fibers; CF) were used to evaluate the influence of surface 
morphology and hydrophobicity on the surface induced heterogeneous nucleation phenomenon.  
Three different fiber conditions (control, extracted, and water soaked) were used.   
Extraction was performed with dichloromethane (CH2Cl2) on 8 bar TMP fibers, which 
were produced from juvenile portions in a continuous, pressurized, single-disc refiner (80 µm 
refiner plate gaps).  Soxhlet extraction was performed in accordance with TAPPI standard T 204 
om-88 (Tappi 1988).  All of the fiber materials were washed out with distilled water at room 
 
 90
temperature after 24 hours of water soaking.   Morphological changes were observed on the 
wood fiber surfaces due to removal of extractives.   
Polypropylene (PP; Escorene PD7292N E7, Exxon Mobil Chemical Co. Houston, TX) 
was used for the evaluation of heterogeneous nucleation phenomena at the interface of the fiber 
surface and the semicrystalline polymer at an isothermal temperature of 140 ±  0.1 ºC.  
8.2.2. Instruments for Monitoring the Interfacial Phenomena 
To determine the number of nuclei, h/E ratios, and crystalline deposit angles during the 
PP crystallization process on the TMP fibers, a polarizing light microscope (PLM; Leica DM LB 
30TL implemented with a HCS302-STC200 cold/heating stage) was used.  Isothermal PLM 
observations characterized each crystallization process related to the different surfaces of the 
wood/non-wood fibers with PP.  The PLM photomicrographic images were provided h/E ratios 
and crystalline deposit angles to calculate unity factors (φ ) using Eq. 8.5, on the linear fiber 
surface (Figure 8.1).  A Spot RT digital camera (Diagnostic Instruments Inc., Model #3,1,0 with 
1600 x 1200 resolution) was used for developing images as a function of observation time.  
Image-Pro® Plus software was used to conduct the image analysis and collect quantitative 




Figure 8.1. Measurements for crystalline deposit angles and ratios of lamella deposit between the 




Morphological characteristics of the wood and non-wood fibers were studied with a 
scanning electron microscope (SEM: Hitachi S-3600N).  Fibers, which were coated with a thin 
layer (approximately 15-nanometers) of gold, were observed.  The morphological characteristics 
and surface conditions were analyzed from photomicrographic images with image generation 
conditions of 20 Kv and 1,500x. 
Particle Size Analysis (PSA) was achieved using a particle size analyzer and 
micrographic image analysis to obtain quantitative particle distributions on the fiber surfaces.   
The quantitative measurement addressed possible PP nucleation caused by relatively small 
particles on the fiber surface.  AccusizerTM 770A SIS-Syringe Injection Sampler with a wide 
dynamic range sensor (LE400-0.5; covers 0.5 - 400 µm of particle radius) was used to analyze 
particle sizes on the fiber surfaces.  The number of nuclei, particle size and distribution were 
generated from PLM and SEM images.  Quantitative evaluation of PP nucleation on the fiber 
surface from 200x micrographs as a function of unit surface area were determined with a 
mounted digital camera equipped with Image-Pro Plus software. 
Data for the PLM result of unity factors and lamella deposit ratios were analyzed using 
SAS version 9.1e (SAS 2004).  Analysis of variance with general linear model (GLM) was 
employed for the preliminary evaluation of differences among the three levels of the treatments 
and six different fiber types.  Tukey’s multiple comparison procedure was conducted to 
determine which levels of treatments and fiber types differed from the rest. 
8.3. Results and Discussion 
8.3.1. General Characteristics of Fiber Materials 
Table 8.1 shows general fiber characteristics based on the pulping process, species, 
producers, and process conditions.  It was expected that the fibers provided differentiated surface  
 
 92
Table 8.1. General characteristics of sample fibers. 
 
Pulping 
Process Thermomechanical Kraft Mechanical HT Batch
1 














(Tsuga heterophylla) N/A N/A 

















Content 5.6 % 10.5 % 5.6 % 5.2 % 11.8 % 0.03 % % 
Extractives 3.2 % 3.9 % 0.78 % 0.36 % 1.2 % 0.08 % 
1HT Batch; High temperature batch.  
28barJ = 8 bar Juvenile (TMP), TMP (C) = Commercial TMP Fibers, UKP = Unbleached Kraft Pulp, BKP = Bleached Kraft 
Pulp, RMP = Refined Mechanical Pulp, CF= Carbon Fiber. 
3BCCUW; Bio Composites center, University of Wales. 
 
chemistry due to the extended removal of extractives and other extractable materials from wood 
fiber cell wall layers such as primary wall, S1, S2, S3, and the middle lamella (Smook 1992, 
Sundholm 1999).  The carbon and Kraft fibers also provide extreme surface characteristics 
between hydrophobicity and hydrophilicity with less extractives. The RMP, produced under a 
lignin glass transition point of 140 ºC, had lower extractable materials compared to the TMP 
fibers.  Therefore, there was no lignin redeposit after the defibrillation process with the RMP 
fiber surface, which represented a higher surface roughness with wood fractions. 
8.3.2. Unity Factor and Crystalline Deposit 
Figure 8.2 shows unity factor (φ ) and crystalline deposit ratio changes as functions of 
three levels of fiber treatments and fiber types.  In general, untreated fibers provided lower mean 
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Figure 8.2. Unity factor (φ ) and crystalline deposit ratio changes with the three levels of fiber 
treatments on the different fiber types (U=Untreated, E=H2O2 Extracted, W=H2O 
Washed, TMP=Thermomechanical Pulp, TMP(C)=Commercial Thermomechanical 
Pulp Fibers, UKP=Unbleached Kraft Pulp, BKP=Bleached Kraft Pulp, RMP=Refined 




surface such as extraction and cleaning regardless of the fiber types.  Mechanical pulp fibers 
(TMP, RMP, and commercial TMP) were significant differences at each level of treatment, while 
the chemical pulp (UKP and BKP) and carbon fibers were not statistically significant different 
between the extractions and surface treatment.  This indicates that each treatment altered the 
fiber surfaces by increasing hydrophobicity which was caused by the removed or dislocated 
deposits on the fiber surfaces.  The lignocellulosic nature of wood fibers generated from 
mechanical and chemical processing improved interaction with the molten PP.  Thus, lignin 
contains surface and redeposited extractives on the fiber surfaces during the mechanical pulping 
process when heated above lignin glass transition temperature apparently had a beneficial effect 
on the nucleation of the molten PP matrix.  
The crystalline deposit factor (h/E = 0.5) effect as shown in Figure 8.2a indicates that 
crystalline growth on the fiber surfaces essentially was not affected either by fiber type or 
treatment.  With respect to the unity factor, however, it is clear that bleach Kraft pulp was the 
best (Figure 8.2b).   Mechanical pulp fiber surfaces showed the least benefit from the fiber 
extraction on the crystalline deposit.  
 Table 8.2 shows Tukey’s multiple comparison of unity factor and crystalline deposit on 
the fiber surface at a significant level of 0.05.  The removal of surface deposit materials 
influenced the unity factor.   This indicates that altered fiber surfaces were not effective on the 
surface induced PP nucleation.  The extracted fiber surfaces were not significantly differed from 
untreated surfaces due to the hydrophobic surface conditions.  The TMP fiber surfaces provided 
the best surface for the molten PP behavior due to the hydrophobicity of the lignin rich surface.  
Refined mechanical pulp (RMP) and carbon fiber (CF) also contained relatively high 
hydrophobic nature on the surface.  However, RMP and CF surfaces were less effective on the  
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Table 8.2. Tukey’s multiple comparison procedure at a significant level of 0.05.  
Untreated  Extracted  Washed Unity factor (φ ) 
(Treatment)            
 
Untreated  Extracted  Washed h/E (Treatment) 
           
 
TMP  TMP (C) RMP CF UKP  BKP Unity factor (φ ) 
(Fiber Types)         
         
TMP  TMP (C) RMP CF UKP  BKP h/E (Fiber Types) 
           
 
 
Note: TMP=Thermomechanical Pulp, TMP (C)=Commercial Thermomechanical Pulp Fibers, 
UKP=Unbleached Kraft Pulp, BKP=Bleached Kraft Pulp, RMP=Refined Mechanical Pulp, CF=Carbon 
Fiber. (The bar represents not significantly differ from each other) 
 
fiber surface induced heterogeneous nucleation and crystalline deposit on them. Bleached Kraft 
fibers showed completely different behaviors and it can be explained by surface hydrophobicity. 
It also indicates that hydrophilic surfaces are incompatible with a hydrophilic PP matrix. The 
UKP contained less than 5% chemically modified lignin and extractives showed a significant 
difference on the unity factor and crystalline deposit factor of molten PP behaviors compared to 
the BKP. 
The general effect of the crystalline deposit ratios on the unity factor (φ ) determined by 
polarizing light microscope (PLM) observations is shown in Figure 8.3.  Apparently, the surface 
morphology and chemistry influenced crystal impurities on the fibers surfaces which provided a 
better nucleation site for the PP matrix.  The /CritG∆  differences of the fiber surfaces contributed 
to PP crystalline deposits on the surfaces.  The SEM and PLM results correlated to the unity 










0 0.1 0.2 0.3 0.4 0.5 0.6






















Figure 8.3. Correlation between the crystalline deposit ratio (h/E) and unity factor (φ ) changes 
of crystalline deposit angle measurements with the three levels of fiber treatments on 
the surface of thermomechanical fibers. 
 
shows what kind properties of wood fiber surfaces are effective in inducing heterogeneous 
nucleation and how surface properties influence the purity changes of /CritG∆  on the wood/non-
wood surface compared to the bulk area.  Some degree of material hydrophobicity on the fiber 
surface will be beneficial in the promoting computability on the fiber surface and create an 
intimate contact system between the fiber surface and PP.  This might be explained by the 
development of secondary valence forces (i.e., the role of the Van der Walls forces) that interact 
with the non-polar surface molecules on the PP. 
8.3.3. Nucleation and Surface Morphology 
Figure 8.4 shows heterogeneous nucleation phenomena associated with the fiber surface 
morphology due to the three levels of fiber conditioning. The micrographs illustrate the  
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Figure 8.4. Heterogeneous nucleation phenomena (Left) associated with the surface morphology 




morphological changes among the fiber materials due to each surface treatment.  The extraction 
of the surface did not influence PP nucleation on the extracted fiber surfaces (Figure 8.4b).  
Surface cracks and particles still remained on the rough surface of extracted fibers.  However, 
the washed surfaces (Figure 8.4c) showed an extreme reduction in heterogeneous nucleation.  
The surfaces showed surface checks but a clean morphology and fewer particles.  Surface 
roughness could affect the fiber/matrix adhesion and the nucleation ability of semicrystalline 
polymers (Cai 1997).  However, the surface roughness and checks did not correspond directly to 
PP nucleation.  The figure also indicates that water washed fibers gave an increased unity factor 
and produce poor nucleation.  However, they did influence PP nucleation as well as surface 
chemical composition and surface free energy. 
8.3.4. Particles in the Fiber Surface 
Figure 8.5 shows that particles located on the fiber surface to induce heterogeneous PP 
nucleation.  Particles of variable sizes can be seen on the surfaces of the wood fibers.  Most of 
the particles are located in surface checks and damaged surfaces.  The particles have a relatively  
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Figure 8.5. Particles on the fiber surface of (a) rough, (b) smooth, and (c) crack sites to induce 





















































Figure 8.6. (a) Particle distribution and (b) number of nuclei on the fiber surface. (The bar 




smooth and round shapes.  Based on the nucleation theory, smooth and round surfaces provide 
lower surface areas and hence relatively lower the surface free energy, compared with the rough 
surfaces on molten PP.  The function of surface checks and roughness of fibers may be to 
promote nucleation and hence, compatibility with the small particles on the source of PP 
nucleation sites. 
8.3.5. Particle Distribution and Number of Nuclei 
Figure 8.6 shows both particle distribution and number of nuclei on fiber surfaces.  Wood 
fibers produced by the three mechanical pulping processes (RMP, TMP and commercial TMP) 
showed the highest degree of nucleation.  This probably related to the greater surface area in 
refined fibers compared to unrefined pulp fibers.  The median from the particle distributions of 
each fiber types was 0.64 µm, except for RMP (2.68 µm).  Relatively smaller particles (< 0.5µm) 
on the fiber surface can be important for the heterogeneous nucleation of PP.  However, the 
instrumental limitation with a wide dynamic range sensor - from 0.5 to 400 µm particle radius- 
suggests that further investigation should be made with an instrument capable of measuring 
particle sizes smaller than 0.5 µm.  The average radius of nucleus was 0.64 µm, and the nuclei 












SUMMARY OF CONCLUSIONS 
 
Thermomechanical pulp (TMP) fiber sheets formed in a standard sheet mold were used to 
fabricate handsheet/polypropylene (PP) film laminates.  The effects of surface treatments and 
fiber interlocking were evaluated on the properties of wood fiber handsheet/thermoplastic 
laminates.  Enhanced interfacial interaction proved to be important in promoting interfacial 
adhesion at the hydrophilic wood materials and hydrophobic PP interphase.  This provided a 
basis for designing a series of experiments to study the effect of surface treatments on the 
properties of the wood fiber handsheet/PP film laminates.  The study was also extended to 
evaluate surface induced interfacial phenomena known as heterogeneous PP nucleation on 
different fiber surfaces.  Details of the summary and conclusions derived from the individual 
experiments are as follows.  
Macro- and micro-size resin droplets were applied to the microtomed surface of solid 
wood and contact angles were measured.  There were small differences between the sessile 
droplet and the atomic force microscopy (AFM) scanning method in heterogeneous wetting 
characteristics.  The sessile droplet shape changed from spherical to hemispherical and finally to 
a complete enclosed hemispherical geometry within 30 seconds.  Thus, the droplet behavior and 
volume changes cannot be expressed with a single equation.  The combination of two-force 
balanced equations provided a more accurate means to determine sessile droplet volume.  
Regarding the dispersing behavior of urea-formaldehyde (UF) and Phenol-formaldehyde (PF) 
droplets, dispersion was always greater in the fiber direction than across the grain on the 
earlywood surfaces due to differences in wood anatomy as well as surface roughness.  
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Differential wetting due to the structural variation on the material surface also accounted for 
some of the shear strength differences between the resin types.  Micro-droplets also were more 
sensitive with UF resin applied to latewood surfaces than sessile droplets and resulted in a mean 
shear strength of 244 psi, which was 53% greater than when 1% UF microdroplets were applied 
to the earlywood surfaces.  However, shear strengths of PF resin treatment were not sensitive to 
droplet sizes.  
DC-based plasma treatment using argon and oxygen as ion sources on TMP fiber 
handsheet and PP film surfaces improved interfacial adhesion at the TMP fiber and PP interface.  
The plasma barrier between electrodes prevented thermal damages of the TMP fiber handsheets 
and PP film and allowed treatment of more than 5 minutes.  O2-plasma treatment provided better 
surface activation on the TMP fiber and PP film than Argon-plasma treatment.  Treatment effects 
of O2-based plasma on tensile strength were measured from thirty to sixty seconds surface 
exposure.  The treatment resulted in 43 to 80% tensile strength enhancement over the non-treated 
samples.  Treatment longer than sixty seconds led to slightly reduced tensile strength.  O2-plasma 
treatment changed the topography of the wood fiber and PP to a nodular structure found in the 
flat areas.  The size of the nodules increased as the treatment time increased.  Root mean square 
(RMS) roughness measurement yielded very similar results as the thermal characteristics of gT  
and CX  obtained by using the differential scanning calorimetry (DSC).  The RMS roughness and 
thermal quantities were lower with 30-second plasma treatment but slightly recovered with 60-
second treatment.  Finally, this study found that the mechanical interlocking of a PP matrix and 
fibers with ion implantations resulted in fiber reinforcement and interfacial strength enhancement 
at the TMP fiber and PP interface. 
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Chemical coupling on both the TMP fiber and PP film surfaces improved tensile strength 
of the TMP fiber handsheet and PP film laminates.  For the maleic anhydride (MA) with benzoyl 
peroxide (BPO) as an initiator, tensile strength increased 52% for the TMP fiber treatment and 
76% with PP film over untreated laminates.  The optimum strength properties were obtained 
with a MA and BPO ratio of 2:1 regardless of material type.  Scanning electron microscopy 
(SEM) images also showed the effectiveness of MA loading on the surface of TMP fibers due to 
increased fiber failure without fiber pullout from the PP matrixes.  Crystallinity and heat flow 
from DSC, as expected, decreased with the addition of MA on the TMP fiber surface.  These 
results were also in accordance with the morphological observations at the fracture surface, 
fourier-transform infrared spectroscopy (FTIR) spectra, and thermal analysis.  However, MA 
treatment on the surface of PP film was more effective in promoting a compatible strength 
enhancement and has the added benefit of reduced fiber drying expenses in an industrial setting.  
Based on the high correlation between tensile strength and the number of fibers counted at the 
point of failures, the number of fibers proved to be a sensitive measure of the effectiveness of 
surface treatment. 
The treatment of handsheets with two thermoset resins, PF and UF, resulted in 
statistically significant improvement in tensile strength of laminates with PP films.  The effects 
of the resins as interfacial compatibilizers between the TMP fibers and PP film interfaces were 
pronounced.  Tensile strengths were increased 92% over untreated samples.  The CX   of both 
resin types was increased as evidenced by the increased tensile strength.  It should be noted that 
preconditioning of the TMP handsheets and a pressing temperature of 400 °F led to the highest 
tensile strength of TMP fiber handsheet and PP film laminates.  However, the brittle failure 
surface showed the effect of some heat degradation of the fibers. 
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Relatively high nucleation density was obtained on the surface of mechanical pulp fibers.  
Smooth and hydrophobic fiber surfaces appeared to be beneficial in measuring the crystalline 
deposit angles, unity factor (φ ) changes, and h/E ratios.  A higher φ  group was obtained with 
surfaces cleaned with water but resulted in the poor nucleation ability of the semicrystalline 
polymer.  Rough and fracture surfaces acted as a natural particle holding device.  Isolated 
materials from the fiber surface influenced material impurity of the fibers and created polymer 
nucleation sites.  The particles and materials extracted from the fiber surfaces may play an 
important role with regard to heterogeneous nucleation and crystalline deposits. 
Finally, it was concluded that ion implantations, thermoset resin, and chemical 
modification of fiber and PP surfaces resulted in interfacial strength enhancement at the wood 
fiber and PP interface.  If both of the fibers and the PP film were chemically treated, the best 
increase in tensile strengths of the laminates occurred.  Electron interaction combined with 
mechanical interlocking within the fiber handsheet to promoted interfacial interaction between 
the hydrophilic and hydrophobic interfaces.  Additionally, this research should be useful in 
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